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ABSTRACT 
Previous studies on Merkel cell receptors (Iggo & Findlater，1984; Yamashita 
et al.，1986; Pacitti & Findlater, 1988) have demonstrated the contribution of 
Ca2+ to the response characteristics of the receptors. For example, using an 
isolated skin-nerve preparation, Baumann et al. (1993) showed that addition of 
Mg2+ ions suppressed while BAYK8644 increased the receptor responses of 
slowly adapting type I mechanoreceptors. In view of the clear importance of 
Ca2+ for the responses of Merkel cell receptors, the aim of the present project 
was to apply a more direct approach by studying intracellular Ca"^ in Merkel 
cells. 
For this purpose, isolated rat sinus hair preparations were developed. Merkel 
cells of sinus hair type I receptors are more easily accessible than those in the 
skin. In the present experiments, rat whiskers were isolated for two types of 
sinus hair preparation depending on which parameters were to be measured. 
Calcium microfluorimetric techniques were applied for studying the 
intracellular C a � . levels in intact and functioning Merkel cells of sinus hairs 
loaded with fura-2/AM on an inverted microscope (Nikon Diaphot TMD-EF 
with Newcastle Photometric System). Fluorescence of the Ca^^ sensitive dye 
fura-2 was measured at 350/380nm excitation and 520nm emission 
wavelengths. Parallel electrophysiological studies were made on isolated sinus 
hairs as well as on skin-nerve in vitro preparations. In both preparations, the 
receptor responses from the Merkel cell receptors were identified by their 
slowly adapting and irregular discharge patterns. Standard mechanical stimuli 
with feedback control lasting 5s were applied every 30s and the responses 
monitored. The effects of mechanical stimulation, Ca^^ channel blockers and 
activators (+) and (-) BAYK8644, and the putative neuromodulator ATP and 
its antagonists were tested under various experimental conditions. 
The isolated vibrissal hair follicle proved to be a very useful preparation in 
terms of accessibility. For the first time, monitoring of intracellular C a � . levels 
in intact functioning Merkel cells was made possible using microfluorimetric 
參 
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techniques. Electrophysiological studies on the isolated vibrissal hair follicles 
have also shown that well controlled responses to mechanical stimuli could be 
obtained for long periods of time. 
Mechanical stimulation did not consistently cause an increase in intracellular 
Ca2+ concentrations in Merkel cells suggesting the absence of mechanically 
gated Ca2+ channels. This is in line with electron microscopical studies by 
Tachibana et al. (1992). However, recent studies on hair cells of the inner ear 
demonstrated that the mechanically induced Ca^^ increase in these cells is only 
short lasting, affecting only a small part of the cells (Chabbet et al., 1994). 
Thus, the method used in the present experiments may not be able to detect 
such localized transient changes reliably. 
It was found that external application of ATP caused the release of Ca"^ from 
intracellular stores resulting in a transient increase in the intracellular Ca'^ 
concentration of Merkel cells similar to observations made on inner ear hair 
cells (Ashmore & Ohmori, 1990). In the electrophysiological studies of 
receptor responses, application of ATP caused occasional brief increases in 
receptor responses followed by long lasting reduced responsiveness. This is 
likely to be related to the depletion of the intracellular Ca:. stores through a 
mechanism which still requires detailed elucidation. In combination with results 
from the skin-nerve in vitro preparation previously developed in this laboratory, 
where the same pattern of responsiveness after ATP application could be 
observed, the results suggest for the first time a specific effect of ATP on 
Merkel cells modulating receptor responses through intracellular calcium 
stores. The present results therefore support the hypothesis that Merkel cells 
play a role as mechano-electrical transducers in SAI and St I 
mechanoreceptors put forward by Merkel (1875), Andres (1966), Iggo & Muir 
(1969)，Horch et al. (1974), Hartschuh & Weihe (1980)，Iggo & Findlater 
(1984) and various other authors but contested by Smith & Creech (1967), 
Gottschaldt & Vahle-Hinz (1982) and Diamond et al. (1988). 
• • 
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Chapter 1: INTRODUCTION 
The slowly adapting type I mechanoreceptors in the skin and the sinus hair type I 
mechanoreceptors in the vibrissae contain specialized structures called the Merkel 
cells. By applying mechanical stimuli, one could record from the type I 
mechanoreceptors characteristic firing discharge patterns. The significance of the 
Merkel cells for the mechano-electrical transduction process is however not clear. 
So far, no solid evidence has been able to show whether the Merkel cells or the 
nerve endings are the actual transducers. The unique presence of Merkel cells and 
their close proximity with the nerve endings have led to the postulation of a 
synaptic link between them (Iggo & Muir，1969). Morphological similarities 
between the Merkel cells and the inner ear hair cells support the hypothesis (Iggo 
& Findlater，1984). Immunohistochemical studies have also demonstrated a 
number of substances exhibiting positive immunoreaction in the Merkel cells in 
locations correlating closely with those of the dense cored granules, e.g. 
met-enkephalin (Hartschuh et al., 1979; Cheng Chew & Leung, 1991), neuron 
specific enolase (Gu et al., 1981) and serotonin (English et al.，1992). 
The characteristics of a synapse were tested using electrophysiological studies. The 
obvious approach was to investigate the possible functional role of the substances 
being identified by immunohistochemical techniques to the normal response of the 
Merkel cell receptors to mechanical stimuli. The possible functional role of 
met-enkephalin was studied by Gottschadt & Vahle-Hinz (1982) and disputed 
when naloxone, a blocker of opioidergic receptors, produced no significant effect 
- o n the responses of the type I sinus hair receptors to mechanical stimuli. 
Another approach to test the presence of a synapse is to investigate the 
physiological role of calcium ions since it is well established that calcium ions are 
vital for synaptic transmissions (Augustine et al., 1985). In a review by Iggo and 
Findlater (1984), the contribution of calcium ions to the normal response of the 
slowly adapting type I mechanoreceptors has been implicated. The validity of such 
hypothesis was investigated in functional studies. The competitors for the binding 
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sites of the calcium ions, Co^^ and CcP, were shown to suppress the responses of 
the slowly adapting type I mechanoreceptors (Pacitti & Findlater, 1988). In an 
isolated skin-nerve in vitro preparation, the effects of the Ca^^ channel competitor 
Mg2+ and the Ca^ ^ channel activator BAYK8644 were also examined (Baumann et 
al,, 1993). The results demonstrated a suppression effect of Mg2+ and excitation 
effect of BAYK8644 on the responses of the slowly adapting type I 
mechanoreceptors. The various results indicate the importance of calcium ions to 
the normal response of the slowly adapting type I mechanoreceptors in the skin. 
Hence, they support the hypothesis that there is a synaptic link and that the Merkel 
cells are the mechano-electrical transducers. 
However, the evidence is so far based on indirect measurements and the actual site 
of action of the drugs within the receptive field has led to certain level of debate. It 
would therefore be appropriate to look into the cellular mechanisms in Merkel 
cells. However, Merkel cells are virtually inaccessible in the slowly adapting type I 
mechanoreceptors in the skin. Hence, the mammalian vibrissae seem to be a more 
favourable preparation for that purpose. In the vibrissae, the Merkel cells are 
located more superficially around the sinus hair follicles and are only covered by a 
layer of translucent glassy membrane (Halata & Munger, 1980). 
The aim of the present study was therefore to develop an isolated sinus hair 
preparation using the rat vibrissae for the purpose of studying the cellular 
mechanisms in Merkel cells. The basic approaches would be - 1. to study the 
intracellular Ca^ ^ levels in intact Merkel cells using the Ca^ ^ fluorescent dye fura-2, 
and 2. to examine the response characteristics of the sinus hair type I receptors in 
the vibrissae and in the isolated skin-nerve in vitro preparation. Results obtained 
from the two approaches were also examined for any correlation between them. 
Preliminary reports of the results have been communicated to the Physiological 
Society at the King's College Meeting in December 1993 (Chan et al, 1994) and to 
the First International Symposium on Merkel Cell Biology in Heidelberg in 
February 1994. 
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Ch. 2 LITERATURE REVIEW 
Section 1: History of Merkel cells 
Merkel cells were first discovered by Friedrich Merkel in 1875. At the time, 
Merkel cells were named Tastzellen meaning touch cells. The cells were described 
as discrete among the surrounding epidermal cells in the skin and adjacent to those 
cells, an expanded nerve structure consistently appeared. Merkel therefore named 
the cells together with the adjacent nerve endings 'touch nerves'. The unique 
features of those 'touch nerves' have led to Merkel's hypothesis that they might 
contribute to the conversion of mechanical stimuli to electrical signals. However, 
Merkel's hypothesis was not widely accepted due to the lack of more sophisticated 
techniques available to provide evidence for the functional role of Merkel cells. 
Not until 50 years after Merkel's discovery was the physiology of the Merkel cell 
receptors better understood. In 1926，Adrian and Zotterman recorded activities 
from the afferent nerve when pressure was applied to the hairs or to the foot pad 
(quoted from Frankenhaeuser, 1949). Two types of discharge patterns were 
reported. One type of response was described to show a rapid adaptation to a 
constant bending of the hair. The other type showed a continuous discharge to 
constant mechanical stimuli applied to the foot pad. However, no specialized 
cellular structures in relation to those responses were described. In 1949, 
Frankenhaeuser described the 'spots' in the skin to be related to the continuous 
discharge or slowly adapting responses to constant mechanical stimuli. His work 
was done on the rabbit skin in the middle of the thigh and recordings were made 
from the sural nerve. Those 'spots' which could be visualized as distinct elevations 
or touch domes in the hairy skin were later described by Iggo (1968) to be 
associated with the presence of specialized structures which were named Merkel 
cells. The 'spots' were also named touch corpuscles where clusters of Merkel cells 
could be found. Characteristic slowly adapting firing responses were recorded only 
when mechanical stimuli were applied to the touch corpuscles but not in areas 
between them. A detailed study by Iggo and Muir (1969) confirmed the locations 
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and morphological structures ofMerkel cells using light and electron microscopical 
techniques. The characteristic firing pattern obtained with stimulation of the touch 
corpuscle was called the slowly adapting type I response which specifically 
described the firing response of the Merkel cell receptors. Hence, the Merkel cell 
receptors in the skin are also called slowly adapting type I mechanoreceptors or 
S A I mechanoreceptors. 
Another type of tactile sense organ, the sinus hair also contains Merkel cells. Those 
Merkel cells were originally named the hair discs by Pincus in 1902 (quoted from 
Halata, 1975) indicating that they were related to hair. Slowly adapting discharges 
were recorded from the afferent nerve innervating the vibrissae (a type of sinus 
hair) around the mouth of the cat by FitzGerald in 1940 (quoted from Iggo，1968). 
He reported that there was a directional sensitivity to the movement of the hair. 
Later on, Zucker and Welker (1969) demonstrated different units in the vibrissae 
responding to different directions of bending of the hair and the responses 
represented rapidly and slowly adapting discharge patterns. However, no specific 
cellular structures were described corresponding to the different types of firing 
patterns. By stimulating the sinus hair of the cat, Gottschaldt et al. (1973) recorded 
a slowly adapting firing pattern which was suggested to be associated with the 
location of Merkel cells. The location of Merkel cells receptors in the vibrissae 
were described by Andres in 1966 (quoted from Andres & von During, 1973) and 
Gottschadt et al. (1973). The direction of bending the hair to elicit the slowly 
adapting response was described to be perpendicular to where the Merkel cell 
receptors were situated in the vibrissal follicle. The characteristic firing pattern was 
called sinus hair type I response. Hence, the unit showing such a slowly adapting 
response pattern was named sinus hair type I mechanoreceptor or St I 
mechanoreceptor in the vibrissae (Gottschaldt et al., 1973). The similarity between 
the SA I and St I responses led to their speculation of the St I mechanoreceptors to 
be corresponding to the activation ofMerkel cell receptors. 
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Section 2: Morphology and characteristic response of Merkel 
cell receptors in the skin 
Morphological features of Merkel cells 
Reviews by Halata (1975) and Munger & Ide (1988) have demonstrated the 
various locations of Merkel cell receptors in the mammalian as well as 
non-mammalian skin. In hairy skin of mammals such as the cat, touch corpuscles 
can be visualized from the skin surface as elevated structures known as the touch 
domes (Iggo & Muir, 1969). By examining the hairy skin under a dissecting 
microscope, the touch corpuscles can be readily distinguished from nearby skin 
structures. They form a dome-shaped elevation which is smooth and pink in 
colour. Their appearance becomes more distinct when the hairy skin is shaved. The 
touch corpuscles scatter unevenly in the skin and they have a size of around 
0.25mm in diameter. 
a) Light microscopy 
In a study by Iggo and Muir (1969), cross-sections of touch corpuscles were 
observed using light microscopy. In fig. 2.1, a touch corpuscle can be seen to 
adopt a dome-shaped elevation in the skin with the epidermis on the superficial 
side and the dermis below. The epidermal layer can be seen to be thickened 
consisting of more layers of epithelial cells in comparison to the adjacent skin. 
—Between the epidermis and the dermis, a distinct lining of cells (seven in the 
diagram) are the Merkel cells. They are identical and have nerve endings 
associating with them. The distance from the terminal of the unmyelinated to the 
myelinated branches is only about lOnm. The branches of the short myelinated 
axons finally grouped toward the large axon. Surrounding the Merkel cells in the 
dermis are bundles of collagen. 
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One can also observe that each Merkel cell contains a large nucleus and numerous 
granules between the nucleus and the nerve ending. The nerve ending can be seen 
to be expanded enclosing a large part of the Merkel cell. 
b) Electron microscopy 
Fig. 2.2 shows schematically the details of the organelles and surrounding tissue 
structures in association with a Merkel cell as observed in electron microscopy 
(Iggo & Muir, 1969). The Merkel cell of approximately 5 jam in diameter is in close 
association with a large plate-like nerve ending. It can be seen that the Merkel cell 
is embedded in the 'plate' of the nerve ending belonging to a branch of the large 
myelinated axon leading to the afferent nerve. Both the Merkel cell and the nerve 
ending are enclosed by a basement membrane. Linking the Merkel cell with the 
surrounding cells are desmosomal connections attached to the epidermal 
keratinocytes. 
The outline of the Merkel cell consists of distinct rod-like protrusions extending 
from the cell into the epidermis. In the cytoplasm, there is a well developed 
network of organelles. The polylobulated nucleus is situated in the centre together 
with a uniform distribution of mitochondria. There are Golgi apparatus and 
electron-dense particles believed to contain glycogen scattered in the cytoplasm. 
An interesting feature is the presence of dense cored granules located in the area of 
the cytoplasm of close proximity to the nerve ending. The presence of the dense 
cored granules in the Merkel cell and the intimate association with the nerve ending 
"are characteristics found in synapses. The nerve ending contains numerous 
mitochondria which are longer and larger than those of the Merkel cell. 
The distinct features of Merkel cells, especially the presence and location of the 
dense cored granules have led to further studies focusing on them. A number of 
substances have been shown to exhibit positive immunoreactions in the Merkel 
cells. For example, met-enkaphalin- (Hartschuh et al., 1979), serotonin- (English et 
al, 1992) and neuron specific enolase- (Gu et al, 1981) like substances have been 
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shown in the rat Merkel cells. The locations of the immunoreactions occur in close 
association with those of the dense cored granules. It could be assumed that the 
granules contain the substances and hence the functional role of the substances as 
putative neurotransmitters could be postulated. On the other hand, there is no 
preferential accumulation of those substances in the nerve endings (Hartschuh & 
Weihe, 1980; Hartschuh et al, 1986). 
Differentiating the characteristic responses of the slowly 
adapting type I (SA I) and type II (SA II) mechanoreceptors 
in the skin 
a) SA I mechanoreceptors - Merkel cell receptors 
It has been mentioned before that Merkel cell receptors form specialized touch 
corpuscles that can be visually identified from the skin surface of mammals (apart 
from humans). It is also possible to record characteristic SA I responses by 
mechanically stimulating the touch corpuscles in the skin of the cat hindleg (Iggo & 
Muir, 1969). By probing the skin surface with a polished glass rod with a diameter 
of 0.25mm at the tip, sustained high frequency discharges can be recorded. This 
non-specific probing of the skin can excite both SA I and SA II mechanoreceptors, 
hence the firing activity may be composed of both responses. The SA I 
mechanoreceptors can be more selectively excited by probing the touch corpuscles 
which can be identified from their distinct dome-shaped features. Application of a 
"standardized mechanical stimulus onto a touch corpuscle excites the SA I 
mechanoreceptor producing a characteristic SA I firing pattern (Horch et al., 1974) 
(fig. 2.3). During the dynamic phase of the stimuli, the SA I mechanoreceptor fires 
with a higher frequency which slowly adapts as the stimulus maintains (plateau 
phase). Upon removal of the mechanical stimulus, the SA I mechanoreceptor 
becomes silent. Moreover, the firing pattern produced by SA I mechanoreceptors 
are highly irregular. 
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b) SA II mechanoreceptors - Ruffini endings 
Unlike the Merkel cell receptors, Ruffini endings are found in the dermal layer of 
glabrous and hairy skin (Chambers et al:，1972; Iggo & Andres, 1982) and do not 
show distinct features which can be visually identified from the skin surface. 
Therefore the way to distinguish between the two receptors is by means of their 
characteristic discharge patterns and their sensitivities to different forms of 
mechanical stimulation. Two ways of stimulation have been shown to be effective 
in activating the Ruffini endings in an in vivo preparation (Chambers & Iggo, 1967; 
Chambers et al., 1972). Working on the cat hindleg and recording from the 
saphenous nerve, characteristic slowly adapting type II responses could be 
recorded by applying vertical stimuli to the skin surface or by stretching the 
surrounding skin. 
The slowly adapting type II (or SA II) mechanoreceptors produce spontaneous 
firing activity even in the absence of mechanical stimulation (Chambers et al., 1972; 
Baumann et al., 1990) (fig. 2.4). During the onset of a standardized mechanical 
stimulus (dynamic phase) of 200ms ramp, the SA II mechanoreceptor fires with a 
high frequency which adapts with a lower frequency as the mechanical stimulus 
reaches a sustained level (plateau phase) of 20mN constant force of duration 
2000ms. The SA II pattern is very regular with little variations in the time intervals 
between spikes. The regular pattern can be found at any level of mechanical 
stimulation. The distinct regularity of the SA II response and its spontaneous firing 
activity allows the differentiation between the SA II and the SA I 
mechanoreceptors. 
Quantitative analysis of the SA I and SA II responses 
Application of quantitative analysis ensures greater certainty in differentiating the 
responses of the SA I and SA II mechanoreceptors. Interspike interval (ISI) 
histogram patterns of the SA I and SA II responses differ significantly (fig. 2.5) 
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and hence allowing identification of the type of mechanoreceptor involved (Iggo & 
Muir, 1969; Baumann et al., 1990). The ISI histogram analyses the intervals 
between consecutive spikes and the intervals are usually sampled with a bin width 
of 1ms. In fig. 2.5, the y-axis of the ISI histograms represents the percentage 
incidences with reference to the total number of intervals. An irregular firing 
pattern would consist of a wider range of time intervals between spikes in 
comparison to a more regular firing pattern, as in the case shown in fig. 2.5. The 
ISI histogram pattern of the SA I mechanoreceptors (fig. 2.5A) is spread over a 
wide range of intervals while that of a single SA II mechanoreceptor is narrower 
in shape (fig. 2.5B). The ISI histograms were obtained during the last Is of the 
static phase of a 2200ms trapezoidal mechanical stimulus. Therefore, both of the 
mechanoreceptors were at an adapted stage of responses. The values of coefficient 
of variance of the two types of mechanoreceptors were significantly different. The 
coefficient of variance of the SA I pattern shown in fig. 2.5 A was 0.52 which was 
much greater than that of the SA II pattern of 0.095 shown in fig. 2.5B (typically 
<0.1, Chambers et al.，1972). 
It has also been shown that the ISI histograms of the SA I mechanoreceptors adopt 
a Poisson-like distribution, indicating a random discharge phenomenon occurring 
within the SA I mechanoreceptors (Iggo & Muir，1969; Horch et al., 1974; 
Baumann et al., 1990). Iggo & Muir (1969) tested the hypothesis by correlating 
with the probability density function (p.d.f.), f(x) = pe^^ where p is the reciprocal 
of mean frequency and x is the interspike interval. This p.d.f. represents rare 
random processes and success in fitting the equation would indicate the occurrence 
of random events. Indeed it was shown that the theoretical p.d.f. curve fitted well 
with the ISI histogram of the SA I mechanoreceptors at long intervals (fig. 2.6). 
The application of p.d.f. has also been used previously to model the random 
process of the miniature end-plate potentials (Fatt & Katz, 1952). Hence, it is 




Schematic diagram illustrating a section of the touch corpuscle in light microscopy. 
A: single myelinated axon; AA: non-myelinated axon; C: capillary; E: epidermis of 
the touch corpuscle; FF and CF: fine and coarse bundles of the collagen fibres; T: 
Merkel cell and its associated nerve plate. 
‘ (From Iggo & Muir, 1969). 
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Fig. 2.2 
Illustrative schematic diagram showing a section of the Merkel cell and its 
associated nerve plate in electron microscopy. A: myelinated axon; BM: basement 
membrane; D: desmosome; E: epithelial cell nucleus; G: dense cored granules; GO: 
Golgi apparatus; GY: glycogen; L: lamellae underlying the nerve plate; N: 
polylobulated nucleus; NP: nerve plate; P: cytoplasmic protrusions from the 
Merkel cell. 
(From Iggo & Muir，1969). 
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Fig. 2.3 
A recording of the receptor response of a cat S A I mechanoreceptor to a 
trapezoidal mechanical stimulus of 20mN. The top panel represents the action 
potentials recorded from the afferent nerve; the middle panel shows the force 
profile and the bottom panel shows the displacement profile of the mechanical 
stimulus. The stimulus has a duration of 2200ms with a 200ms ramp phase and a 
2000ms plateau phase. 
(From Baumann et al., 1990) 
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Fig. 2.4 
A recording of the receptor response of the cat SAII mechanoreceptor to a 
trapezoidal mechanical stimulus of 20mN. The top panel shows the action 
potentials recorded from the afferent nerve; the middle panel represents the force 
profile and the bottom panel represents the displacement profile of the mechanical 
stimulus. The stimulus has a duration of 2200ms with a 200ms ramp and a 2000ms 
plateau phase. 
(From Baumann et al., 1990). 
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Fig. 2.5A & B 
Interspike interval (ISI) histogram patterns of the SA I and SA II 
mechanoreceptors. A) The ISI histogram of the firing responses of 3 SAI 
mechanoreceptors during the static phase (1200-2200ms) of the trapezoidal 
mechanical stimulus (same profile as fig. 2.3). The ISI histogram represents a 
pattern obtained from 10 responses with a coefficient of variance (c,v.) = 0.52. B) 
The ISI histogram of the on-going discharge of a single SA II mechanoreceptor 
during the contact force of O.SmN between stimuli. The ISI histogram has a c.v.= 
0.095. 
(From Baumann et al., 1990) 
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Fig. 2.6 
An ISI histogram representing the adapted discharge of a Merkel cell receptor unit 
and a theoretical probability density function (p.d.f.) curve shown to fit well with 
the ISI distribution. The theoretical p.d.f. curve is expressed as f(x) = pe'^'' and the 
interspike interval labelled x is in ms. The ISI histogram distribution has a c .v.= 
0.63. 
(From Iggo & Muir, 1969). 
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Section 3: Merkel cells and other mechanoreceptors in the 
mammalian sinus hair 
The sinus hair 
Sinus hairs can be found in the facial region around the upper lip (Halata, 1975; 
1993) and around the eyes (Andres & von During, 1973) of many mammals, for 
example, the vibrissae on the upper lip of the rhesus monkey (Halata & Munger， 
1980) and of the cat (Gottschaldt et al., 1973). Sinus hairs are not all of the same 
size; other sinus hairs such as the short sinus hair near the vibrissae of the cat 
(Halata, 1975) are smaller than the vibrissae. Moreover, the sinus hair follicles are 
more complex and larger than ordinary hair follicles like the normal hair from the 
upper lip of the cat (Halata, 1975). 
Vibrissae are tactile sense organs. They can be identified by their distinct long hair 
compared with neighbouring hairs, for example, the vibrissae from the maxillary 
area in the cat (Gottschaldt et al., 1973) (fig. 2.7). The vibrissae have a length of 
up to 7cm, longer than the nearby sinus hairs below the vibrissae and close to the 
upper lip. In fig. 2.7，the skin patch of the upper lip is cut open exposing some of 
the vibrissae. The vibrissae (in common with other sinus hairs) are characterized by 
their long hair and the presence of a hair bulb. The hair bulb contains a blood sinus 
and in a real preparation, can be seen through the semi-transparent capsulated bulb. 
By bending the hair in different ways, Gottschaldt et al. (1973) recorded different 
types of response patterns from the infraorbital nerve. They demonstrated 
responses belonging to slowly and rapidly adapting discharge patterns, similar to 
those recorded from the mammalian skin (e.g. Talbot et al., 1968; Iggo & Muir， 
1969). 
Fig. 2.8 shows the longitudinal section of a sinus hair. Inside the hair bulb, the hair 
follicle (surrounding the hair shaft in the centre) is completely surrounded by a 
blood sinus. The sinus hair can be separated into two main portions - epidermal 
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and dermal portions, with reference to the different layers observed from the 
cross-section (Halata，1975). In fig. 2.9, the epidermal portion composes of the 
hair, inner root sheath and outer root sheath (labelled 1,2,3 and 4 respectively). 
The dermal portion composes of the basal lamina, glassy membrane, mesenchymal 
sheath, blood sinus and the capsule wall (labelled 5,6,7 and 8 respectively). 
a) Locations of the mechanoreceptors 
The locations of Merkel cell receptors in the sinus hair were first described by 
Andres in 1966. They can be found in a region where the sinus hair follicle 
becomes thickened (fig. 2.8). The thickened epithelium of the follicle contains a 
large population of Merkel cell receptors and the number of which can be up to 
2000 depending on the size of the sinus hair (Halata, 1975). Further away from the 
thickening are the lanceolate nerve endings situated in the connective tissue. Above 
the lanceolate nerve endings are the lamellated corpuscles. In the lower part of the 
hair follicle, Ruffini nerve endings are embedded in the glassy membrane of the 
dermal connective tissue. 
b) Morphology of Merkel cells in the sinus hair 
The morphology of Merkel cells in the sinus hair has a slightly different 
arrangement in comparison to that in the skin (Halata, 1975). The Merkel cell 
receptors lie in the epithelial thickening of the sinus hair follicle with the 
innervating nerve terminal extending toward the glassy membrane. Fig. 2.10 shows 
an electron micrograph from a rat sinus hair kindly provided by Professor Halata. 
The rod-shaped protrusions of the Merkel cells penetrate the basal lamina of the 
hair and extend toward the glassy membrane. The body of the Merkel cells 
(rod-shaped protrusions excluded) are linked to the surrounding structures by 
desmosomes. 
The nerve endings of the Merkel cell receptors form large plate-like structures 
closely associated with the Merkel cells. The arrangement is different from that in 
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the skin because in the sinus hair, the unmyelinated axon penetrates the glassy 
membrane and enters the basal lamina of the epidermal portion, passing the Merkel 
cell and finally forms the plate-like nerve ending making contact with the Merkel 
cell. 
In common with those in the skin, Merkel cells of the sinus hair contain well 
defined organelles. In the cytoplasm of the Merkel cell, one can identify a 
polylobulated nucleus, mitochondria, Golgi apparatus and numerous dense cored 
granules located near the junction associated with the nerve ending. There is also a 
number of mitochondria in the nerve ending. Again, the structural arrangements of 
the Merkel cell-nerve ending adopts a synapse-like appearance. 
Response characteristics of mechanoreceptors in the sinus 
hair 
In a comprehensive study on the response activities of the receptor units to 
different bending conditions of sinus hairs, Gottschaldt et al. (1973) identified two 
major types of response patterns - slowly adapting and rapidly adapting. Briefly, 
slowly adapting responses could be obtained by bending the hair sideways. On the 
other hand, excitation of rapidly adapting units were limited to application of 
vibratory stimuli to the hair, e.g. touching the hair with a vibrating tuning fork. 
Therefore, simple bending of the hair mainly elicits slowly adapting responses. 
a) Sinus hair type I (St I) & type II (St II) mechanoreceptors 
Individual types of slowly adapting responses were recorded and analysed by 
Gottschaldt et al. (1973). Fig. 2.11 shows the interspike interval (ISI) histograms 
of the two types of response patterns with one type further divided into two 
sub-types. 
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The first type of response pattern adopts an irregular firing pattern. Moreover, a 
high frequency of firing was recorded during the onset of mechanical stimuli and 
adaptation of the firing response was obtained with sustained stimuli. The irregular 
discharge pattern during sustained stimulation was also indicated by the skewed 
pattern of the ISI histogram (top panel of fig. 2.11). The shape of the histogram 
was challenged with the simulated pattern of the Poisson distribution. It has been 
mentioned before that success in correlating the Poisson distribution equation 
indicates the random discharge phenomenon occurring in the receptor unit 
involved (Iggo & Muir，1969). Indeed, a well fitting between the ISI histogram of 
the response and the random distribution curve was obtained. Hence, the response 
was named St I due to its similarity to the SA I responses recorded from the skin. 
The SA I responses have been shown to correspond to activation of the Merkel 
cell receptors (Iggo & Muir, 1969) and hence the St I responses were suggested to 
involve activation of the Merkel cell receptors in the sinus hair. The involvement of 
Merkel cell receptors with the St I responses could also be linked to the locations 
of the Merkel cell receptors in relation to the bending movement. It was suggested 
that bending of the hair produces opposite and perpendicular force toward where 
the Merkel cell receptors were located in the sinus hair. The mechanism also 
explains the orientation of the Merkel cell receptors of the sinus hair, i.e. lining in 
parallel to the length of the hair shaft. 
The other type of response has a more regular pattern which shows slight 
adaptation to sustained mechanical stimuli. The ISI pattern of the firing response 
(middle panel of fig. 2.11) is narrow indicating the regularity of the response 
activity. This type of response is very similar to the major characteristics of the 
SA II response pattern recorded from the skin. Hence, they were named St II 
responses. The slight difference between the St II and the SA II responses was the 
occasional absence of spontaneous discharge with the St II receptor units without 
mechanical stimuli. In some situations, the originally absent spontaneous discharge 
could be 'switched on’ upon termination of the first mechanical stimulus. This 
particular St II response has been subdivided as St Ila since there is another type of 
St II receptor unit producing a different firing pattern. 
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The St lib response produces an ISI histogram pattern different from that of the 
S t l la (bottom panel of fig. 2.11). The shape of the ISI histogram indicates the 
presence of regular as well as irregular firings in response to mechanical stimuli. It 
was shown that the St lib receptor units fired irregularly upon application of the 
mechanical stimuli and the firing pattern became more regular during sustained 
stimuli. Quantitatively, the two types of St II responses could also be analysed with 
a simulated normal or Gaussian distribution curve. It was shown that the St Ila ISI 
histogram pattern fitted to the Gaussian distribution curve but the St lib ISI 
histogram pattern fitted to neither the Gaussian nor the Poisson distribution curves. 
b) Responses of the St I mechanoreceptor to different 
conditions of stimulation 
The St I mechanoreceptors are sensitive to the direction, amplitude and velocity of 
the hair movement (Gottschaldt et al., 1973). For example, bending and rotation 
displacement of the hair can activate St I responses. Once the hair returns to its 
original resting position, the responses stop. 
The St I mechanoreceptors also increase their firing rate as the angle of the 
bending movement increases with reference to the resting position of the hair. 
Fig. 2.12 shows the relationship between the reciprocal of the discharge frequency 
of a St I mechanoreceptor and the displacement of the hair represented by the 
deflexion angle. The discharge frequency of the mechanoreceptor is represented by 
the mean interval length between consecutive spikes in msec. The mean interval 
length decreases with the increase in the deflexion angle. Hence, the St I 
mechanoreceptor exhibits a direct relationship with respect to the displacement of 
the hair and its discharge frequency. 
The St I mechanoreceptors are sensitive to the velocity of the bending movement, 
in other words, the dynamic phase of the mechanical stimulus. In common to the 
SA I mechanoreceptors in the skin, there is a direct relationship between the 
velocity of the onset of a stimulus and the firing frequency of the St I 
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mechanoreceptors during the dynamic phase of the stimulation. The mean interval 
length between spikes increases (i.e. decreases in firing rate) with the increase in 
the rising time for achieving the same displacement (i.e. decrease in velocity) 
(fig. 2.13). Therefore, the firing rate of the St I mechanoreceptors increases with 
increase in the velocity of the dynamic phase of a mechanical stimulus. 
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Fig. 2.7 
A drawing of the facial area of the cat showing the location of the vibrissae. 
Part of the skin is dissected open to expose the hair and the hair bulbs. 
(From Gottschaldt et al.，1973). 




Diagrammatic illustration of a sinus hair from the lip of rhesus monkey in 
longitudinal section. LC: small lamellated corpuscles; LN: lanceolate nerve 
endings; MC: Merkel cells and the associated nerve ending; RN: Ruffini-like nerve 
endings. 1. hair shaft; 2. sebaceous gland; 3. capsular wall; 4. afferent nerve. 
(Modified from Halata, 1990). 
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Fig. 2.9 
Diagrammatic representation of the cross-section of a sinus hair showing two main 
layers - the epidermal and dermal portions. The epidermal layer composes of 
1. hair shaft, 2. inner root sheath, 3. outer root sheath and 4. epithelium. The 
dermal layer composes of 5. basal layer, between 5 & 6. basal lamina 
6. mesenchymal sheath with lanciform endings, 7. mesenchymal sheath and 
8. blood sinus. 
(Modified and drew from Halata, 1975). 
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Fig. 2.10 
Electron microscopic picture of a Merkel cell from a rat sinus hair at 15,000x 
magnification. On the right side, a number of cytoplasmic protrusions from the 
Merkel cell can be seen to extend toward the translucent glassy membrane. The 
Merkel cell in the centre can be recognized by the typical lobulated nucleus and 
dense cored granules in the upper part making contact with the large nerve 
terminal containing multiple mitochondria. 
(Provided kindly by Halata) 
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Fig. 2.11 
ISI histogram patterns representing the firing discharge of three types of slowly 
adapting mechanoreceptors in the sinus hair follicle. The three types of slowly 
adapting mechanoreceptors are St I (top panel), St Ila (middle panel) and St lib 
(bottom panel). 
(From Gottschaldt et al.，1973). 
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Fig. 2.12 
Graph showing the stimulus-response relationship of a St I mechanoreceptor. The 
x-axis represents the angular deflexion of the hair and the y-axis represents the 
mean of the first 50 spike intervals during the static phase of the stimulus response. 
The data are plotted on log-log axes and a straight line relationship is obtained. 
‘ (F rom Gottschaldt et al., 1973). 
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Fig. 2.13 
Graph showing，the dynamic stimulus-response relationship of a St I 
mechanoreceptor of the sinus hair follicle. The x-axis represents the rise time used 
to reach a constant stimulus and the y-axis represents the mean interspike interval 
during the last 10% of the dynamic phase. The data are plotted on log-log axes and 
a straight line relationship is obtained. 
(Gottschaldt et al., 1973). 
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Section 4: Functions of Merkel cells 
The morphological features and response characteristics of the SA I and St I 
mechanoreceptors are well acknowledged. However, the functional role of the 
Merkel cells is still uncertain. It is not yet clear whether the Merkel cells play a role 
as mechano - electrical transducers or simply exist to allow efficient transfer of 
mechanical deformation to the actual transducers, the nerve endings (Iggo & Muir, 
1969). If it were true that the Merkel cells were acting as mechano - electrical 
transducers, then the various morphological and physiological features should 
reflect the typical characteristics of a transducer. Indeed, previous studies have 
provided evidence supporting the hypothesis that the Merkel cells are the actual 
mechano - electrical transducers. Although the hypothesis is not universally 
accepted, the various pieces of evidence have given useful information in the study 
of Merkel cells. Different approaches like histological studies, morphological 
analysis, immunohistochemical techniques and physiological techniques have been 
carried out and are summarized below. 
Denervation studies on Merkel cells 
Controversial results have been reported from denervation studies leading to 
— conflicting interpretations concerning the functional role of Merkel cells. Some 
workers demonstrated an atrophy of Merkel cells following destruction of the 
afferent nerve (English et al., 1983，1984; Nurse et al., 1984; Nurse & Farraway, 
1988)，while some observed no change in the number of Merkel cells (Hartschuh & 
Weihe, 1977) after denervation. For example, Nurse et al. (1984) demonstrated a 
'nerve-dependence' of Merkel cells by showing from the skin of young rats that the 
number of Merkel cells decreased after crushing the cutaneous nerve. The Merkel 
cells reappeared after reinnervating the touch domes. Hence, the results suggested 
a trophic support by the nerve for the maintenance of Merkel cells. Denervation 
experiments were also performed by Nurse & Farraway (1988) on neonatal rat 
vibrissae by transecting the infraorbital nerve. In those studies, they reported that 
Merkel cells in different regions of the mystacial vibrissae showed contrasting 
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responses to denervation with some developing atrophy while others were 
unaffected. In contrast to the results obtained by Nurse and colleagues, Hartschuh 
& Weihe (1977) showed neither reduction in the number nor alteration in the 
ultrastructure of Merkel cells in the cat skin or sinus hair follicles after denervation. 
Therefore, in view of the conflicting results obtained, the functional role of Merkel 
cells remained to be resolved. 
Identification of chemical substances in Merkel cells 
Application of immunohistochemical techniques demonstrated a number of 
substances exhibiting positive immunoreaction in Merkel cells. Early work by 
Hartschuh et al. (1979) and Weber et al. (1980) demonstrated a met-enkephalin -
like immunoreactivity in, Merkel cells of the rat sinus hair. Moreover, the positive 
immunoreaction remained even after denervation of the Merkel cells (Hartschuh et 
al., 1979). The positive immunoreaction exhibited strongest staining in the areas 
where the dense cored granules are located. Later studies on the mouse skin 
confirmed the locations of the met-enkephalin-like immunoreactivity to be 
correlated closely to those of the dense cored granules (Cheng-Chew & Leung， 
1991). Their results therefore suggest the presence of a met-enkephalin-like 
substance in the dense cored granules of the Merkel cells. 
In addition to met-enkephalin, other substances have also been found to produce 
positive immunoreaction. The demonstration of positive immunostaining with 
neuron specific enolase (NSE) in Merkel cells by Gu et al. in 1981 suggested the 
concept of Merkel cells belonging to APUD (Amine - Precursor - Uptake -
Decarboxylation) group of cells. According to Pearse's APUD theory, cells 
belonging to the APUD group exhibit certain characteristics. The characteristics 
are the presence of ultrastructurally identifiable 'endocrine' granules and the ability 
to show positive immunocytochemical reactions with specific peptides like 
substance P (Pearse, 1986). A number of neuroendocrine cells have been 
demonstrated to show APUD characteristics, e.g. the adrenomedullary endocrine 
cells (Teillet & Le Douarin, 1974，quoted from Pearse, 1986). Two proteins have 
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been suggested to indicate the characteristics of an APUD cell, they are neuron 
specific enolase (NSE) and chromogranin A. Hence, success in showing positive 
immunoreaction with NSE or chromogranin A would indicate the cell type 
belonging to the APUD system. Indeed, Gu et al. (1981) demonstrated a high level 
of NSE present in Merkel cells. This was also demonstrated by the presence of the 
markers for NSE as well as for chromogranin A in the mammalian Merkel cells 
(Hartschuh & Weihe，1989; Gauweiler et al., 1988; Hartschuh et al., 1989). 
In addition to the above substances, Merkel cells have demonstrated positive 
immunoreactions with a list of other substances，for example, serotonin in the rat 
(English et al., 1992); vasoactive intestinal peptide (VIP) in the cat, dog, man and 
the pig (Hartschuh et al., 1984); pancreastatin in the pig and man (Hartschuh & 
Weihe, 1989); and substance P in the cat, mouse and pig (Gauweiler et al., 1988). 
There are also species differences in the staining of the various substances. For 
instance, it was demonstrated that cats, mice and pigs but not guinea pigs exhibit 
positive immunoreaction to substance P and calcitonin-gene-related peptide 
(CGRP) (Gauweiler et al, 1988). Cheng Chew & Leung (1992) have also shown a 
species difference in the expression of met- and leu- enkephalin - like 
immunoreactivity in Merkel cells. 
The demonstration of positive immunostaining in the dense cored granules might 
indicate the possible functional role of the various substances as neurotransmitters 
in the Merkel cells. The functional role of met-enkephalin in the St I and SA I 
mechanoreceptors was investigated (Gottschaldt & Vahle-Hinz, 1982; Baumann & 
Chan, 1993). For this purpose, the effect of the opioid receptor antagonist, 
naloxone, on the response of the St I mechanoreceptor to mechanical stimuli was 
studied. It was found that naloxone failed to elicit an effect on the receptor 
responses of the St I mechanoreceptors (Gottschaldt & Vahle-Hinz, 1982). Similar 
negative results were also obtained with the selective opioid receptor antagonists 
for |i, K and 5- types, on the response of the SA I mechanoreceptors in a 
skin-nerve in vitro preparation (Baumann & Chan, 1993). The results therefore 
suggest that met-enkephalin is unlikely to play a role as neurotransmitter or 
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neuromodulator in the Merkel cell. However, apart from the investigation on the 
possible existence of an opioid receptor where met-enkephalin might act on, little 
physiological studies concerning the functional role of other substances in the 
Merkel cells have been carried out. 
Morphological analogy between the Merkel cells and the 
sensory hair cells of the auditory system 
a) The hair cells 
Inner ear hair cells are sensory receptors of the acousticolateralis system (reviewed 
by Huspeth, 1983). An individual hair cell has a cylindrical structure and 
protrusions of hair bundles from the apical side. The morphology of the hair 
bundles varies according to different species but they all share a number of 
common features. That is, the hair bundles comprise of a group of derivative of 
microvilli known as the stereocilia and a single distinct cilium，the kinocilium 
(fig. 2.14). The stereocilium is a cylindrical organelle made up of parallel 
microfilaments. There seems to be a firm attachment between the stereocilia and 
the kinocilcium because when the hair bundle was manipulated with a probe, the 
bundle consistently moved as a unit (Flock et al., 1977; Hudspeth & Corey, 1977). 
b) The hair cells and Merkel cells compared 
An analogy has been made between the structural features of the Merkel cells and 
the hair cells of the auditory system (Iggo & Findlater, 1984). Based on the 
structures, the two types of cells have a number of common features (fig. 2.14). 
One of the distinct features of the hair cells are their ciliary processes - the 
stereocilia and a kinocilium. Those processes are similar to the rod-like projections 
of the Merkel cells. Moreover, it is well established that hair cells are the actual 
mechano - electrical transducers (Hudspeth, 1989; Ashmore, 1991; Pickles & 
Corey, 1992). Deflection of the stereocilia activates the hair cell leading to opening 
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of ion channels. One of the major components of the ion influx has been 
demonstrated to be calcium ions (Pickles & Corey, 1992). Due to the similar 
structures of the rod-like projections in Merkel cells, it was assumed a similar 
mechano - electrical transduction process might occur in Merkel cells (Iggo & 
Muir, 1969). In addition, the presence of numerous dense cored granules in the 
cytoplasm of the Merkel cell in a location closely associated to the nerve ending 
supports the hypothesis of the transduction process. Hence, a sequence of events 
occurring in the Merkel cell receptor was suggested (Iggo & Findlater，1984) and 
is summarized in fig. 2.15. The transduction process begins with mechanical 
deformation of the skin causing deflection of the rod-like structures of the Merkel 
cell (1). The distortion of the cytoplasmic membrane may modulate the ion 
channels causing them to open. If Ca^^ channels exist calcium ions will enter the 
Merkel cell (2,3). Hence the osmophilic granules become mobilized (4) and lead to 
the release of the granular contents at the synapse-like junction of the Merkel cell 
and the nerve ending (5). The process causes alteration of the membrane potential 
of the nerve ending and generation of action potentials (6,7). Finally, the impulses 
travel along the myelinated axon and can be recorded as signals from the afferent 
nerve. 
Experimental studies on Merkel cells - a comparison with 
the sensory hair cells of the auditory system 
a) The effects of Ca�. channel blockers and activators 
Studies concerning the properties of the transduction channels in hair cells have 
been carried out by Ohmori (1984，1985) and Pickles & Corey (1992). The 
presence of Ca�十 channels was indicated in a voltage clamp study on isolated 
vestibular hair cells of the chick (Ohmori, 1984). Recording of currents was made 
from the membrane of the hair cell. When extracellular was replaced by Ca^ ,^ 
an inward current could still be evoked by clamping the membrane potential to 
+19mV. Increasing the membrane potential to +59mV, the inward current changed 
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its direction to an outward current. Similar effects were recorded by replacing Ca�* 
with the divalent cations and Ba^^. The contribution of Na+ to the currents 
recorded could be ruled out because Na+ was absent in the extracellular medium. 
The results therefore suggest the presence of Ca^^ channels in the hair cells. 
Stimulation of the hair cells by mechanically displacing the hair bundles was also 
shown to increase the membrane permeability to various ions (Ohmori, 1985). The 
opening of mechano-electrical transduction (m-e.t.) channels accounts for the 
increase in the membrane conductance. In Ca^^ free conditions or after replacing 
Ca2+ with Cs+，the m-e.t. channel activity could not be elicited showing that the 
m-e.t. channels are mostly permeable to calcium ions. Influx of calcium ions in 
response to mechanical stimulation of the hair bundles of the hair cells was further 
confirmed by using the Ca^^ fluorescent dye, fura-2 in which there was an increase 
in intracellular Ca^^ concentration (Ohmori, 1988). Therefore, calcium ions were 
shown to play a vital role in the normal m-e.t. activity in the hair cells. 
Previous evidence concerning the importance of calcium ions to the functioning of 
the SA I mechanoreceptors was based on indirect studies. The contribution of 
calcium ions was indicated by the suppressive effects of Cr^ channel blockers on 
the responses of the SA I mechanoreceptors to mechanical stimuli (Pacitti & 
Findlater, 1988). The Ca'^ blockers used were cobalt chloride (CoClJ，cadmium 
chloride (CdCy and verapamil hydrochloride. It was also shown that during the 
time when the SA I mechanoreceptors failed to respond to mechanical stimuli, the 
afferent nerve was still capable of responding to electrical stimuli. Electron 
microscopical studies reviewed a significant decrease in the number of granules in 
the cytoplasm of the Merkel cells when exposed to CoCl^ and verapamil, indicating 
the motility and sensitivity of the granules to modification of the extracellular Ca^ .^ 
The results therefore indicated that the effects of the Ca^^ channel blockers on the 
responses of the SA I mechanoreceptors possibly mediated by affecting Ca]. 
channels in the Merkel cells. Similar competitive inhibition by Mg"" and Mn^^ was 
also found in frog SA I mechanoreceptors (Yamashita et al.，1986). 
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The contribution of calcium ions in relation to the responses of the SA I 
mechanoreceptors was also indicated on an isolated skin-nerve preparation 
(Baumann et al., 1993). Application of magnesium ions (5-lOmM) or BAYK8644 
(10-50|iM) were reported to cause decreases and increases respectively in the 
responses of the SA I mechanoreceptors to mechanical stimuli. However, the 
selective L- type and the N- type Cd?^ channel blockers verapamil and co-conotoxin 
failed to elicit an effect on the response of the SA I mechanoreceptors. 
Patch-clamp studies on isolated Merkel cells have also indicated the presence of 
Ca2+ channels (Yamashita et al., 1992). A sustained inward current was recorded at 
a membrane potential of _30mV. The current could be mimicked and enhanced by 
replacing extracellular Ca^ ^ with barium ions. The results therefore indicated the 
existence of Ca'^ channels in isolated Merkel cells. Due to the high activation 
threshold (-30mV), the authors have also suggested the Ca"^ channels to be L-type 
(Yamashita et al., 1992). However, the functional effect of the L-type Ca"^ channel 
blocker verapamil on the response of the SA I mechanoreceptors was not found 
(Baumann et al., 1993). Yamashita and colleagues (1992) have also attempted to 
elicit a mechanically gated current by stimulating the Merkel cells with a blow of 
perfusion fluid but they failed to observe any effect. In conclusion, the various 
results have confirmed the importance of calcium ions to the normal response of 
the SA I mechanoreceptors to mechanical stimuli and the possible existence of Ca"^ 
channels in Merkel cells. 
b) Modification of cellular Ca'^  - ATP effects 
Application of ATP was reported to cause increases in the intracellular 
concentrations in the mammalian hair cells (Ashmore & Ohmori，1990; Nakagawa 
et al , 1990; Shigemoto & Ohmori, 1990; Rennie & Ashmore，1993). Using 
whole-cell voltage-clamp technique, application of ATP was reported to elicit an 
inward current (Nakagawa et al., 1990). The inward current was found to be the 
result of an increase in the permeability to Ca�.. Some of the studies of ATP effect 
on Ca2+ were based on the application of calcium fluorimetric techniques. For 
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example, using the Ca^ ^ fluorescent indicator, fura-2, extracellular application of 
ATP was shown to cause increases in the intracellular Ca2+ levels in isolated outer 
hair cells (Ashmore & Ohmori, 1990). The rises in the intracellular Ca^" levels did 
not require the presence of Ca^ ^ in the extracellular medium, indicating the possible 
release of Ca^ ^ from intracellular storage. The effect of ATP was also suggested to 
be mediated through a localized purinergic receptor site (Housley et al., 1992). 
However, the ATP effect was not blocked by the purinergic antagonists apamine 
or theophylline in the preparation used by Nakagawa et al. (1990). In summary, 
ATP and acetylcholine (ACh) have shown consistent increases in the intracellular 
Ca2+ concentrations in the hair cells (e.g. Shigemoto & Ohmori, 1990; Yamashita 
et al., 1993). 
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Fig. 2.14 
A diagrammatic illustration of the morphological features of a hair cell from the 
vestibular system and a Merkel cell. 
(Hair cell modified and drew from Russell, 1979). 




An illustrative diagram of a Merkel cell and the associated nerve ending with 
numbers showing the sequence of events of a proposed transduction process. 
(From Iggo & Findlater, 1984) 
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Section 5: Review of technical approaches in the study of 
Merkel cell physiology 
Early studies of the mammalian Merkel cell receptors have been carried out under 
in vivo conditions (Iggo & Muir, 1969). The presence of Merkel cell receptors was 
indicated by the distinct dome-shaped elevations from the skin. The typical 
condition of the in vivo preparation is to have the animal (cat or rat) anaesthetized 
with a skin incision made at the upper thigh exposing the saphenous nerve. The 
skin incision was formed into a trough and filled with liquid paraffin for recording 
of nerve signals from the afferent nerve. Identified touch domes were mechanically 
stimulated with a probe of fine tip pushing toward the dome area. Standardized 
displacement or force mechanical stimuli were applied. The part of the afferent 
nerve exposed to liquid paraffin was teased finely for recording of single unit 
responses. Drugs could be applied by close arterial infusion and delivered to the 
receptor site with the blood stream (Baumann et al., 1990). Another way of 
changing the experimental condition could also be done by manipulating the 
circulation system perfusing the receptors (Findlater et al., 1987). In the 
experiments carried out by Findlater et'al. (1987), responses were recorded from 
the SAI mechanoreceptors in the hindlimb of the cat. By cannulating and 
interconnecting the femoral artery and vein, the circulation of the limb from which 
SA I responses were recorded became isolated. Hence, effects such as hypoxia on 
the receptor responses could be monitored by manipulating the isolated circulation 
through the limb (Findlater et al, 1987). 
Studies on intact sinus hair follicles from the upper lip of the cat were also carried 
out (Gottschaldt et al , 1973; Gottschaldt & Vahle-Hinz，1982). With similar 
principles but different locations, the infraorbitol nerve was exposed in a pool of 
liquid paraffin. Single unit recordings were also obtained by teasing the nerve. The 
mechanical stimuli were measured as the bending of the hair and responses of the 
mechanoreceptors measured from the nerve exposed in the liquid paraffin. 
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The use of an isolated skin-nerve preparation for studying the SA I 
mechanoreceptors (Baumann & Tsu, 1990) was based on a modification of the 
original preparation developed by Reeh (1986，1988). A skin patch from the 
hindlimb of the rat together with the saphenous nerve was dissected and isolated. 
The skin was placed inside-out exposing the corium side in an organ bath. 
Compositions of the superfUsion solution were modified from the Krebs-Henseleit 
solution (Bretag, 1969). Feedback controlled standardized mechanical stimuli were 
applied vertically onto the skin with a perspex rod with spherical tip of 1mm 
diameter. Single unit recordings were made by teasing the nerve finely in liquid 
paraffin and identification of SA I mechanoreceptors was based on their 
characteristic firing pattern. The isolated skin-nerve preparation provides an 
advantage of easy manipulation of the external environment under well controlled 
conditions (Baumann & Tsu，1990). 
» 
Attempts have been made to investigate isolated Merkel cells (Nurse & Cooper， 
1988; Yamashita et al., 1992). Under intact conditions, Merkel cells are held firmly 
by desmosomes to the surrounding cells, and in the skin particularly, Merkel cells 
are embedded between thick layers of the epidermis and dermis. Therefore, 
isolation of Merkel cells requires enzymatic treatments. DL-Dithiothreitol (DTT) 
has been used for isolating Merkel cells from the skin and vibrissae of the young rat 
(Nurse et al., 1983). The effect of DTT, a disulphide-reducing agent, on the 
separation of epidermis and dermis was studied by Epstein et al. (1979). They 
demonstrated that complete separation of the epidermis and dermis was achieved 
by incubating in O.OIM of DTT for 4 hours at 4°C. The fact that DTT was effective 
at as low as 4�C has a definite advantage for the survival of the tissue. A clean 
cleavage between the two layers was also found. The mechanism behind the DTT 
effect was suggested to be splitting of the disulphide groups of the desmosomes 
(Hentzer & Kobayasi，1976). In addition to the treatment with 3mg/ml (0.025M) 
of DTT for lOmin, the mechanically separated epidermis was further incubated in 
collagenase and trypsin (Yamashita et al.，1992). Collagenase and trypsin have 
been known for their effects on the separation of the epidermal and dermal layers 
(Einbinder et al., 1966). It was reported that incubation in Img/ml collagenase at 
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pH7.2 for 30min was capable of separating the epidermis and dermis, the collagen 
of the dermal layer was also dissolved into very fine fibrils. On the other hand, 
microscopical separation of the epidermis and dermis could only be observed after 
incubation for 4hrs in 0.25mg/ml trypsin at pH8.8. Vacuolization of nuclei in the 
cells was also seen. Combined treatment with DTT and the proteolytic enzymes 
was capable of breaking the homogeneous desmosomes which were formed 
following the disulphide reducing process of the desmosomes by DTT. It had been 
shown that mild treatment with a proteolytic enzyme following DTT treatment was 
able to dissociate the epidermal cells into single-cell suspensions (Hentzer & 
Kobayasi, 1976). 
Quinacrine had been used for labelling of Merkel cells in isolated studies (e.g. 
Nurse et al , 1983; Yamashita et al.，1992). The animals were either injected with 
quinacrine solution (10-15mg/kg) for up to several days before preparation of 
tissues (Nurse et al , 1983) or by incubation in 0.3|aM quinacrine solution for 
lOmin at 3 r C (Yamashita et al.，1992). Observation of labelled Merkel cells had to 
be carried out with ultraviolet (UV) illumination. The selective binding of 
quinacrine to Merkel cells also led to the postulation of a high ATP content in 
Merkel cells (Nurse et al., 1983). Quinacrine has been demonstrated to bind 
selectively to a population of nerve fibres and cell bodies in the myenteric plexus of 
the gut (Olson et al , 1976). There are three main types of fibres present in the gut, 
they are the adrenergic, cholinergic and purinergic types. The mechanism of the 
selective binding of quinacrine was suggested to be related to the presence of 
purinergic neurones since quinacrine showed negative staining in the iris where 
only adrenergic and cholinergic types of fibres exist. Quinacrine has also been 
shown to accumulate selectively in peptide hormone-producing cells containing 
dense cored granules (Alund & Olson，1979; Ekelund et al., 1980). The localized 
binding of quinacrine in the dense cored granules indicated the selectivity of 
quinacrine to purines such as ATP which are the possible content in those granules 
of the peptide hormone-producing cells. However, higher concentrations (e.g. 
lOjiM) of quinacrine were shown to block K+ channels in isolated Merkel cells 
(Yamashita et al., 1992). Even so, quinacrine at concentrations ranging from 10 to 
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lOOuM produced no effect on the responses of the SA I mechanoreceptors to 
standardized mechanical stimuli (Senok & Baumann，1993). 
Section 6: Monitoring intracellular Ca^ ^ with the 
microfluorimetric technique 
Attempts have been made to develop indicators to measure intracellular free Ca^^ 
since unbound Ca^^ plays major regulatory roles in cells following externally 
applied triggers. Aequorin was one of the earliest Ca^^ indicators which was 
successfully used for measuring Ca^^ changes in muscle fibres (Ridgway & Ashley， 
1967). The compound, aequorin, is a Ca^^-activated photoprotein extracted from 
jelly-fish (Aequorea forsalea) by Shimomura et al. in 1962 (quoted from Kudo, 
1990). Aequorin is still widely used because of its good sensitivity to Ca^ .^ The 
major problem however is the method of application of aequorin which requires 
injection into the cell and this can cause damage to small-sized cells. Aequorin is 
also difficult to obtain in pure preparations since it is extracted from natural 
origins. Another type of indicators, antipyrylazo III and arsenazo III have also been 
used (Ross et al.，1986). These indicators belong to the group metallochromic 
indicators and they change their colours when bound to Ca!.. The disadvantage 
with using the metallochromic indicators is again the requirement for injection into 
the cells. The development of new fluorescent probes (e.g. quin-2, fura-2) as Ca:. 
indicators has overcome the disadvantages of the earlier methods (Tsien et al., 
1982; 1985). The fluorescent probes are easy to load into cells without causing 
damage since they are used in their aceto-oxymethyl ester forms which are 
lipophilic and hence permeable to the cell. In addition, they can be synthesized 
commercially and are therefore convenient to obtain. 
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Theoretical aspect of Ca�. measurements with the fluorescent 
probe fura-2 
Fura-2 was derived and synthesized from the well known Ca^^ chelator, ethylene 
glycol bis(P-aminoethyl ether)- N,N,N',N'- tetraacetic acid or EGTA by Tsien in 
1980. EGTA is highly selective for Ca^^ over competing cations like IT and Mg2+. 
Moreover, EGTA produces one to one ratio in binding with Ca^ .^ 
Those are the superior properties of EGTA over the earlier Ca^^ indicators. 
However, EGTA alone does not make a good Ca?^ indicator because its binding 
effect can influence the normal biological processes involving Ca^^ (Hellam & 
Podolsky, 1969) and the binding process is slow at physiological pH. The problems 
were solved by incorporating a pair of benzene rings to replace the methyl groups 
in connection with the N and 0 of the original compound EGTA (Tsien, 1980) 
(fig. 2.16). The new compound was named BAPTA, an acronym for 
bis(o-aminophenoxy) ethane- N，N,N’,N'- tetraacetic acid. Later on, derivatives of 
BAPTA like quin-2 (Tsien et al , 1982) and fura-2 (Grynkiewicz et al , 1985; Tsien 
et al., 1985) were synthesized (fig. 2.17). Those derivatives are improved versions 
of BAPTA and are capable of showing immediate changes in the fluorescence 
intensity according to the concentration of the intracellular Ca"^. 
Fura-2 is prepared in its ester form, fura-2 acetoxymethyl ester (fura-2/AM) for 
loading into cells. In this form, the chelator components of the agent are made 
permeable to the cell membrane by temporarily masking their carboxyl groups by 
esterifying with methyl esters (Tsien, 1981). On exposure to a cell, the fura-2/AM 
enters the cell along a concentration gradient (fig. 2.18). Upon entering the cell, 
fUra-2/AM is de-esterified by the endogenous esterase of the cell, and converted to 
free fura-2 tetravalent ions. The cell membrane is impermeable to the ionic form of 
fUra-2 and hence fura-2 is trapped in the cell. 
Different fluorescent probes have their own characteristic excitation-emission 
spectrum and that of fura-2 is shown in fig. 2.19 (Tsien et al., 1985). It can be 
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observed from fig. 2.19 that upon binding to different concentrations of Ca:.，the 
excitation peak of fura-2 shifts between the wavelengths 340 and 380nm. Even in 
the absence of Ca^ ,^ fura-2 still shows a fluorescence when excited. Measuring the 
fluorescence emission at 505nm, the fluorescence intensity shows an increase at 
340nm but a decrease at 380nm excitation wavelengths with increases in Ca^^ 
concentration. On the other hand, the fluorescence intensity at excitation 
wavelength 360nm shows no change with the various Ca:十 concentrations. 
Ratioing the fluorescence intensities measured at excitation wavelengths 340 and . 
380nm allows the elimination of external factors like bleaching of the dye because 
it is a relative value and not an absolute measurement of the fluorescence intensity. 
In addition, the way that fura-2 remains fluorescent in its bound and un-bound 
states provides convenient calibration of the Ca^^ concentrations. 
In order to obtain absolute values of the intracellular Ca:. concentration ([Ca:—]) 
from the measured ratios, a calibration equation is applied (Grynkiewicz et al., 
1985): 
[Ca2+]i = Kd [ ( R - R ^ J / ( R _ - R ) ] x ( / S 融 ) ⑴ 
where [Ca^^], is the concentration of Ca^^ in nM, K^ is the dissociation constant, R 
is the ratio at excitation wavelengths 3 4 0 / 3 8 0 ， i s the ratio at zero [Ca2+]i，R舰 
is the ratio at saturating [Ca^ ]^^ . 
The calibration equation 1 is actually derived from several equations based on the 
principle of the binding and unbinding processes of fura-2 to Ca:—. Anytime during 
the measurement, the fluorescence intensity (F) comprises of the bound (S^) and 
unbound (S^ ) factors emitted at different excitation wavelengths. Additional 
consideration of the concentrations of the bound (c^ ) and unbound (c^) fura-2 in 
the mixture produces the following equations at the two excitation wavelengths 
340 and 380nm: 
F340 “ S浏Cf + Sb34oCb (2) 
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^380 = ^QgoCf + Sb38oCb (3) 
The ratio (R) equals to F � ^ / ？孑阶 The relationship between the Cf and c^  forms can 
also be expressed by the dissociation constant (K^ equation: 
Kd = [fura-2] x [Ca'^^ / [fura-2-Ca] 
. . . K d = CfX[Ca2VCb � 
Therefore one obtains equation 1 by combining equations 2, 3 and 4. A further 
requirement for calibration of [Ca^^lj is to obtain a maximum ratio value (RmJ by 
completely saturating the fura-2 and a minimum ratio value by completely 
chelating the intracellular free calcium ions in the cells. Rm狀 can be obtained by 
adding a Ca'^ ionophore like ionomycin. lonomycin saturates the intracellular 
compartment through the influx of external Ca^ .^ can be obtained by adding 
EGTA to chelate all the calcium ions inside as well as outside the cell. The 
procedures for obtaining R^^ ^ and R^^ cause damage to cells and have to be carried 
out at the end of an experiment. The value 8^ 330 / S^ sso represents a combination of 
complex factors like quantum efficiency but since it is a ratio in nature, it can be 
calculated from the ratio of the fluorescence intensity measured at to that at 
R^ 狀 at excitation wavelength 380nm. The K^ value varies according to the 
experimental conditions like pH and temperature (Lattanzio, 1990; Lattanzio & 
Bartschat, 1991). For example, the dissociation constant has a value 173nM at 
pH7.4 and 22°C, but changes to 167nM at pH6.8 and 3TC (Lattanzio, 1990). 
Instrumentation of the calcium fluorimetric technique 
Calcium fluorimetry composes of two main parts - excitation and detection. 
Excitation of the fluorescent dye requires the use of a suitable light source. 
Mercury and xenon arc lamps are widely used. But xenon arc produces a more 
even spectrum than mercury arc, covering a steady light intensity between 300 and 
700nm (Kudo, 1990) (fig. 2.20). Therefore, xenon arc lamp is more suitable for 
fluorimetric measurements involving fura-2 in which the intensities of the excitation 
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wavelengths 340 and 380nm have to be comparable. In most applications, 
75-150W bulbs are used. Selective wavelengths can be obtained using band pass 
filters. Therefore, the light path of a specific wavelength can be used to illuminate 
the cellular structure which has been loaded with a Ca^^ fluorescent dye. However, 
UV radiation damages cells and can impair the normal function of the cells. Hence, 
this photodynamic damage has to be minimized by using heat filters and neutral 
density filters and place them in the light path before reaching the cells. 
Photomultiplier tubes (PMT) are sensitive and rapid devices for the detection of 
fluorescence signals (reviewed by Duchen, 1992). PMTs operate on a high voltage 
supply. Each PMT has its own optimal voltage range for maximum efficiency. 
However, PMTs are sensitive to light of any wavelength. Exposure to which can 
lead to damage of the PMTs. In addition, due to the sensitivity of the PMTs to a 
range of lights, for accurate detection of the fluorescence signals, they have to be 
operated in dark environment. For actual measurements, PMTs are connected to a 
photon counter. Photon counters are capable of selecting pulses of currents from 
the background. There are other alternatives in addition to the use of photon 
counters, such as the use of current/voltage converters. But photon counters have 
the advantage of making on-line computer connections simplier because the 
outputs from the photon counters are digital and therefore save the need for adding 
an analog to digital converter. Hence, the fluorescent signals become digitized and 
can be fed directly to the computer. 
Excitation wavelengths of 340 and 380nm were found optimal for measurements in 
a cuvette. However, for measurements on an inverted microscope, it was 
recommended to use excitation wavelengths of 350 and 380nm (Uto et al., 1991). 
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Fig. 2.16 
Chemical structures of the Ca]. chelator EGTA and its derivative BAPTA. 
(From Tsien, 1980). 
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Fig. 2.17 
Chemical structures of the Ca'^ fluorescent probes fura-2 and quin-2. 
(Tsien, 1980; Tsien et al.，1985). 
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Fig. 2.18 
Schematic diagram showing the mechanism of loading flira-2 into a cell from its 
AM form. The fura-2/AM is able to diffuse freely in and out of the cell but once it 
is esterified into free fura-2, it is restricted to inside the cell. 
(Modified from Kudo, 1990). 
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Fig. 2.19 
Graph showing the excitation spectra of fura-2 as a function of free Ca'" using the 
platelets as the sample of study. The fluorescence intensity was measured at 
505nm. Each trace represents the intensity to which the free Ca:. at concentration 
labelled by the values from 0 to 2000nM and 0.1-lmM was buffered during the 
recording. The medium contained 115mM KCl, 20mM NaCl, lOmM MOPS, 
1.112niM MgCl^, 1.112mM K^H^EGTA (ImM free Mg2+)，KOH to pH7.05, 37°C; 
and increasing amount ofK^CaEGTA (or CaCl^ for the 0.1-lmM Ca"^  traces). 
(From Tsien et al., 1985). 
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Fig. 2.20 
Graph showing the spectral characteristics of the xenon (Xe) arc and mercury lamp 
(Hg). The mercury lamp shows high intensity at certain spectral regions as 
indicated by the numbers on the spectrum whereas the xenon arc shows a more 
even distribution along the spectrum. 
(From Kudo, 1990). 
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Section 7: Properties of voltage-gated and ligand-operated 
Ca2+ channels 
Ca2+ channels can be found in all excitable cells (reviewed by Hille, 1992). They 
were first discovered by Fatt & Katz in 1953 when they found 'slow' action 
potentials being recorded from the muscle fibres of the crab legs in comparison 
with those recorded from the squid giant axons. In addition the slow action 
potentials were not blocked by the replacement of Na+ with choline or by adding 
TTX, a Na+ channel blocker. Therefore, the action potentials they recorded were 
not solely elicited by influx of Na+ which was once thought to be the only ion 
contributing to action potentials. Cr^ channels were later found and widely studied 
in different types of cells ranging from cardiac cells (e.g. Reuter & Scholz, 1977; 
Bean, 1985) to secretory cells (e.g. Fenwick et al., 1982; Mason & Sikdar’ 1989), 
as well as sensory neuronal cells (e.g. Duchen et al, 1990; Hirono et al., 1992). 
The way Car^ channels are found in the various cells indicates the wide range of 
biological roles that Cr"^ channels may play. For example, Ca'^ channels account 
for the contractile ability of muscle cells by acting on the sarcoplasmic reticulum 
(Lea & Ashley, 1990) and neurotransmitter release in the squid giant axon terminal 
(Llinas et al., 1981; Augustine et al., 1985). Various studies have also 
demonstrated the presence of different types of Ca'^ channels and more than one 
type can exist in a single cell. There are voltage-gated Ca"^ channels and 
ligand-operated Ca!. channels. Voltage-gated Ca:. channels are sensitive to 
changes in the membrane potentials and are readily studied using voltage-clamp 
techniques. On the other hand, the ligand-operated Ca�. channels are more readily 
affected by the specific ligands. For example, the influx of Ca�— in certain neuronal 
cells can be modified by specific neurotransmitters and hormones (Doroshenko et 
al.，1982; Cornell-Bell et al.，1990; Berridge, 1989; Kostyuk, 1992). Moreover, 
there are Ca’-. channels which can be activated by physical stimuli like those 
reported in the hair cells (Ohmori, 1985). 
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Pharmacological properties of the voltage-gated Ca�— 
channels 
A number of transitional metals like Ni^ ,^ Cd^", Co^ ,^ Mn^" and La^^ are capable of 
blocking Ca^^ channels non-selectively. Those blocking ions compete with Ca^ ^ for 
the same binding sites at the channels. The way they are capable of blocking is that 
they move very slowly in the pores and hence are in the way for Ca^ ^ to pass 
through. For specific effects on the different types of Ca^^ channels, selective 
agonists or antagonists have to be used. 
a) L-type CV. channels 
Phenylalkylamine derivatives like verapamil and D-600 are capable of blocking the 
L-type Ca2+ channels (reviewed by Hille, 1992 and Kostyuk, 1992). The effective 
* 
concentrations vary from 20nM to SO i^M depending on the cell type. 
With even higher selectivity are the derivatives of 1,4-dihydropyridine (DHP), like 
nimodipine, nifedipine and (+) / (-) BAYK8644. The effect of(-) BAYK8644 was 
shown to potentiate the L-type channel activity in ventricular (Nilius et al.，1985) 
and atrial cells (Bean, 1985) using single-channel recording methods. At 
concentrations of SpiM, (-) BAYK8644 was capable of increasing the L-type 
current activities and nimodipine decreasing the activities (Nilius et al., 1985). 
Hence, (-) BAYK8644 is acting as the agonist and nimodipine as the antagonist. 
As equivalent to the effect of nimodipine, 3[xM nitrendipine blocked the L-type 
channels as indicated by the suppression of the slow inactivating inward current of 
the atrial cells (Bean, 1985). The functional implication of the L-type channels was 
their contribution to the contraction of the heart (Bechem et al, 1988) since (-) 
BAYK8644 was shown to increase the contractility of the left ventricle in 
anaesthetized dogs. The (+) isomer of BAYK8644 is able to produce antagonistic 
effects. 
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b) N-type Ca^ ^ channels 
The natural antagonist co-conotoxin (co-CgTX) has been found to produce 
selective antagonistic effect on the N-type Ca^^ channels (Lundy & Frew, 1988). 
©-CgTX is a toxin originally from the tropical fish-hunting molluscs but co-CgTX is 
now synthesized for commercial use. Working on the guinea-pig ileum, Lundy & 
Frew (1988) showed that co-CgTX was able to block the twitch response of the 
ileum to electric field stimulation. The range of effective concentration was 0.01 to 
ljj,M. Further investigation has also demonstrated the existence of the N-type Ca2+ 
channels in the cholinergic nerve terminal because co-CgTX was able to block the 
release of acetylcholine. On the other hand, the selective L-type channel antagonist 
(-)202-791 (0.1-l|iM), a derivative of DHP, was unable to block the twitch 
response elicited by the activation of the N-type Ca"^ channel at the nerve terminal. 
c) T-type Ca2+ channels 
BAYK8644, a derivative of DHP, is capable of producing weak antagonistic effect 
on the T-type Ca^ ^ channels. Another derivative of DHP, nifedipine, has also been 
shown to block the LVA channels in neurones from the brain cortex (Dichter & 
Zona, 1989). However, the DHPs were found to be ineffective in eliciting any 
change in the T-type current activities in the ventricular cells (Nilius et al, 1985). 
Due to the small amplitude of the L-type currents, it was also suggested that they 
might contribute to the depolarization of the pacemaker. 
Flunarizine, a derivative of the cinnarazine, was shown to produce inhibitory effect 
on smooth muscles (reviewed by Kostyuk, 1992). Out of the mentioned drugs, 
flunarizine seems to be the only selective blocker of the T-type channels. 
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Characteristics of ligand-operated Ca�. channels 
In contrast to the voltage-gated Ca^^ channels, ligand-operated C a � . channels are 
more sensitive to their designated ligands rather than changes in the membrane 
potentials. The mechanisms underlying the ligand-operated Ca^^ channels are more 
complex in the way that they can involve different neurotransmitters or 
neuromodulators. The induction of Ca�— changes can also take place in the plasma 
membrane of a cell or involving organelles inside the cell. Some of the 
ligand-operated Ca2+ channels are voltage-dependent or co-exist with voltage 
sensitive Ca^^ channels. 
a) ATP-operated Ca^ ^ channels 
ATP has been shown to produce physiological effects by acting through 
ATP-operated Ca^^ or non-selective cation channels (Katsuragi et al., 1990). The 
mediated effects of ATP can take place in the plasma membrane or in the 
cytoplasm. The wide variety of ATP-operated Ca""" channels gives a good 
representation of the complexity of the ligand-operated Ca"^ channels that have 
been shown to exist. In addition, one must bear in mind that some of the ATP 
induced influx of Ca^^ is actually mediated through non-selective cation channels 
instead of selective Ca"^ channels (reviewed by Illes & Norenberg，1993). 
Therefore, in the following paragraphs, channels that can be activated by ATP and 
induce Ca^^ fluxes will be called ATP-operated cation channels (unless when 
specified) in general instead of ATP-operated C a � . channels in order to stress the 
heterogeneity and the limited knowledge concerning the ATP-operated channels. 
But the involvement of Ca"^ will continue to be emphasized. Finally, it must be 
stressed that the use of calcium fluorimetric technique has certainly improved the 
understanding of the mechanisms of the ligand-operated channels in relation to 
Ca2+. 
Only very recently were cation channels activated by ATP found in different 
cellular structures and those channels are known as the ATP-operated cation 
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channels. As the name suggests, ATP-operated cation channels are activated by 
ATP whether ATP is acting as a neurotransmitter (Edwards et al., 1992; Evans et 
al., 1992) or neuromodulator (Housley et al.，1992). ATP-operated cation channels 
have been found in the peripheral (Inomata et al., 1992; Boland et al., 1993; 
McMillian et al., 1993) as well as the central nervous systems (Bean, 1990; 
Fasolato et al., 1990; Salter & Hicks, 1994). 
The presence of Ca^^ in the external medium has been shown to be essential for 
eliciting increases in intracellular C a � . through some of the ATP-operated cation 
channels, for example, in the neurosecretory cell type PC 12 (Fasolato et al., 1990). 
In addition, ATP was shown to induce physiological events by eliciting influx of 
Ca2+ through the ATP-operated cation channels (Acevedo & Contreras，1989; 
Katsuragi et al., 1990; Boland et al., 1993). For example, contractions of the 
urinary bladder induced by application of ATP were abolished by exposure to 
external medium containing OmM Ca"^ (Acevedo & Contreras, 1989). For some 
ATP-operated cation channels, presence of external Ca""^  does not seem necessary 
to induce an increase in the intracellular Ca]. concentration. By measuring with 
fura-2, the ATP evoked increase in intracellular Ca^^ of astrocytes and neurones of 
the dorsal horn persisted in the absence of Ca^^ in the external medium (Salter & 
Hicks, 1994). This phenomenon indicated the release of C a � . from intracellular 
stores. 
‘�� . 
b) Manipulation of Ca^ ^ movements 
In order to determine the source of C a � . from the intracellular stores, a number of 
substances can be employed. Caffeine is known for its action on the Ca'^ of the 
skeletal muscles (reviewed by Hille, 1992). Calcium fluorimetric measurements 
demonstrated the effect of caffeine in eliciting muscle contraction through inducing 
the release of Ca^^ from the sarcoplasmic reticulum (e.g. O'Neill et al., 1990). 
Caffeine is also able to deplete inositol 1,4,5-triphosphate (1,4’5-1?3) sensitive 
stores of Ca2+ (Fraser & Sarnacki，1990). Therefore, by observing the modulatory 
effects of caffeine, the possible source of Ca^^ can be indicated. Thapsigargin is 
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another substance shown to manipulate intracellular Ca^^ stores (Bian et al.，1991; 
Ely et a l , 1991; Vercesi et al., 1993). Thapsigargin is a substance which is capable 
o f emptying 1,4,5-1?3 sensitive and insensitive non-mitochondrial Ca^^ stores (Ely 
et a l , 1991) as well as inhibiting uptake of Ca^" into the stores (Bian et al., 1991). 
However, at high concentration of greater than lOjaM, thapsigargin is also capable 
o f releasing Ca〗— from the mitochondria as demonstrated in the rat liver (Vercesi et 
al., 1993). Nevertheless, i f specify the concentrations used, thapsigargin is still a 
convenient substance to study intracellular mechanisms involving Ca^ .^ Therefore, 
basing on their pharmacological properties, the mechanisms of ATP actions can be 
studied with the above substances. 
c) Classification and pharmacological properties of ATP 
receptors 
The various effects of ATP have been demonstrated to be mediated through the 
purinoceptors. Two types of purinoceptors have been described (Burnstock, 1985; 
Kennedy, 1990; Illes & Norenberg，1993), the P! and P: purinoceptors. Each of the 
Pj and ?2 purinoceptors can be further divided into at least two subtypes A!，A^ 
and P2X, P2Y. 
“ The excitatory effect of ATP has been widely demonstrated in different areas of the 
periphery and the brain (Dunn & Blakeley，1988; Ralevic et al.，1991; Tschopl et 
a l , 1992). However, ATP has also been shown to elicit inhibitory effects (Moody 
et al., 1984). The excitatory effects have been found to be mainly mediated through 
the P2X while the inhibitory effects such as vasodilatation generated by acting on 
the P2Y (Ralevic et a l , 1991) and P^ purinoceptors. 
Pj - Purinoceptors 
The inhibitory effect of ATP was suggested to be mediated by adenosine instead of 
ATP itself (Moody et al., 1984; Henon & McAfee, 1983). These authors found 
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that following application of ATP, the ATP is degraded into adenosine and 
adenosine 5'-monophosphate (AMP) at the P! purinoceptor site. By acting on the 
Pj purinoceptors, the adenosine and AMP elicit an inhibitory effect on the 
contractile responses of the atria and ileum (Moody et al., 1984). The hypothesis 
was supported by the failure of mimicking the inhibitory effect by adding a 
non-degradable ATP analogue. The effect of adenosine was further confirmed by 
the potentiation of the contractile inhibition by adding an enzyme inhibitor to 
attenuate the breakdown of adenosine. Therefore, Pj purinoceptors are also called 
adenosine receptors because the real agonist is adenosine. The agonist potency of 
order in the Pj purinoceptors is therefore adenosine > AMP > adenosine 
5'-diphosphate (ADP) > ATP (reviewed by Kennedy, 1990). 
Theophylline, a derivative of methylxanthine, is a selective blocker of the P! 
purinoceptors with effective concentrations of 30|^M to ImM. It was shown in the 
ganglionic neurones that application of theophylline ( ImM) was capable of 
eliminating the inhibitory effect of adenosine (250piM) on the Ca'^ current by 
blocking the P, purinoceptors (Henon & McAfee, 1983). In addition to 
theophylline, there are other antagonists like caffeine and 8-phenyltheophylline 
(reviewed by Kennedy, 1990). However, these are non-selective antagonists acting 
on the A j and \ subtypes. Hence the selective antagonists which are derivatives of 
xanthines are used to differentiate between the two subtypes. The compound 8-
cyclopentyl- 1,3- dipropylxanthine (DPCPX) has been demonstrated to be selective 
on the Al- adenosine receptors (Brims et a l , 1987). However, a selective A^-
adenosine receptor antagonist is not yet available. 
?2 - Purinoceptors 
ATP itself is a non-selective P〗agonist. Analogues of ATP selective on the P2X and 
P^ Y purinoceptors would therefore be useful to differentiate between those 
subtypes. They would also be able to differentiate between P, and P: 
purinoceptors. Due to their resistance to enzymatic degradation, the ATP 
analogues would not mediate any effect via Pj purinoceptors. The commonly used 
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ATP analogues are a,P-methyleneATP (a,p-meATP), p,t-methyleneATP 
(|3,x-meATP) and 2-methylthioATP (Ralevic et al.,1991; Tschopl et al., 1992; 
Boland et al., 1993). The selectivity o f those ATP analogues (including ATP itself) 
on the Pjx and P^y purinoceptors was classified according to their potency of action 
(Burnstock & Kennedy, 1985; Kennedy, 1990). The agonist potency order in the 
P^x purinoceptors is a,P-meATP > P,T-meATP > ATP = 2-methylthioATP while 
in the P^y purinoceptors, the agonist potency order is 2-methylthioATP > ATP > 
a,p-meATP 二 P j -meATP. 
Suramin is a non-selective antagonist o f the P: purinoceptors. Suramin was 
originally used clinically to treat African trypanosomiasis and is known for its 
antiviral effect (reviewed by Voogd et al., 1993). The antagonistic effect of 
suramin was demonstrated by Dunn & Blakeley (1988). Addition of suramin 
(lOO^iM) was capable of blocking the contractile response of the vas deferens 
mediated by an ATP analogue, a,P-methyleneATP. Suramin was also shown to 
block the ATP-induced relaxation o f the guinea pig taenia coli mediated through 
P^ y purinoceptors (Hoyle et al., 1990). The specificity o f suramin on P: 
purinoceptors was also demonstrated by its lack o f effect on ion permeation of the 
ATP-activated cation channels (Nakazawa et al.，1991). Selective antagonists to 
differentiate between the subtypes P2X and P2Y have also been used. The 
antagonists for the P2X subtypes like Evans blue of effective concentration lOOpM 
(Bultmann & Starke, 1993) and for the P^y subtypes like reactive blue 2 (reviewed 
by Kennedy, 1990; Nakazawa et a l , 1991), methylene blue (Ralevic et al.，1991) 
and PPADS (Lambrecht et al., 1992) of effective concentrations \0\xM, lOpiM and 
30|aM respectively, have been shown to produce selective pharmacological effects. 
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Chapter 3: METHODS 
Section 1: Isolation of the rat vibrissal follicles 
Isolated rat vibrissal follicles of the upper lip were used in fluorimetric and 
electrophysiological studies. In both studies, the follicles together with the 
innervating branch of the trigeminal nerve were dissected. In all the experiments, 
modified Krebs-Henseleit solution (Bretag，1969) was used as the synthetic 
interstitial fluid (SIF) for superfusion of the vibrissal follicles. The composition of 
the SIF is given in Table 3.1. 
Dissection 
Male Sprague-Dawley rats of 250-300g body weights were anaesthetised with 
urethane (20% w/v, 6ml/kg LP.). Just before dissection, the rat was killed with a 
second injection of urethane intracardially. By examining the facial area under the 
microscope, one could see parallel rows of vibrissae running from near the nose 
» 
toward the upper lip. Those vibrissae occasionally form double strands with one 
thicker and the other thinner hair. With considerable speed, the whole of the facial 
area was resected including the upper lip. The isolated skin patch was then 
transferred to a dissection chamber containing SIF saturated with carbogen (95% 
O2, 5% CO2). Insect pins were used to mount the patch on silicon rubber (moulded 
with Sylgard 184, Dow Corning) during dissection of the vibrissal follicles. 
Under the dissecting microscope (ZEISS Stemi SV6，x8), one could identify 
exceptionally long vibrissal hairs extending from discrete dome-shaped structures. 
By carefully cutting along the edge of a rounded dome, one could see the outline 
of the upper part o f the follicle completely encapsulated in the form of a bulb. With 
a fine pair of scissors, the surrounding tissue structures were removed and at the 
same time, the whole capsular bulb and nerve were pulled out from the skin patch. 
The isolated capsular bulb was then transferred to another dissection chamber. The 
capsule was pinned so that it was lying with the nerve facing downward. The 
capsule was then cut open along the length of the hair so as to expose the follicle in 
the middle. Avoiding the follicle and the nerve, the capsular layer was removed. 
- 6 0 -
Throughout this dissection procedure, drops of carbogen saturated SIF were 
applied to rinse off the blood expelled during cutting of the capsule. The follicle 
was then placed in SIF bubbled with carbogen and was ready for experiments or 
fiirther treatments as required. 
















Composition of the synthetic interstitial fluid (SIF) based on modified 
Krebs-Henseleit solution (Bretag, 1969). 
% 
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Section 2: Procedures for fluorimetric studies 
The fluorimetric probe, fura-2, was used for monitoring intracellular Ca^^ in Merkel 
cells. Under the microscope with x400 magnification, intact Merkel cells could be 
visualised as elongated cellular structures embedded in the glassy membrane 
surrounding the hair shaft. Merkel cells could also be specifically labelled with 
quinacrine and visualised under U V illumination. For all experiments, it was 
necessary to treat the follicles with enzymes in order to achieve good loading with 
the fluorimetric probe. 
Prior to introducing any treatment, individual follicles were clamped between a pair 
of soft silicon rubber slides. A weight inserted into the bottom silicon rubber kept 
the clamped follicles submerged in the solution during treatments. Since Merkel 
cells are located mainly in the middle to upper region of the follicle, the lower part 
of the follicle was clamped in the silicon rubber exposing the upper half of the 
follicle to the enzymes during treatment. 
Quinacrine labelling 
The follicles were incubated in SIF containing O.SjiM quinacrine dihydrochloride 
for lOmin. During the process, the incubating medium was continuously bubbled 
with carbogen. The procedure was conducted at room temperature and was carried 
out in darkness to avoid photobleaching of quinacrine. After the incubation, the 
follicles were washed twice with normal SIF. 
Quinacrine was useful to give an approximate indication of the shape and location 
of- Merkel cells. Once the experimenter was familiar with those, quinacrine 
treatment was no longer necessary for visualisation of Merkel cells in the 
fluorimetric studies and thus not carried out in order to avoid possible interference 
with the fluorimetric measurements. 
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Enzymatic treatments 
Enzymatic treatment proved a vital step to be carried out for adequate loading with 
the fluorimetric dyes. The follicles were incubated in SIF containing Img/ml 
DL-dithiothreitol (DTT) for 15min at room temperature while the incubating 
medium was continuously bubbled with carbogen. After the incubation, the follicles 
were washed three times with normal SIF. 
After the washing, the follicles were incubated in Ca^^  free SIF containing 2mM 
ethylene glycol-bis(B-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA) and 
O.lmg/ml type l A collagenase for 15min. The process was again conducted at 
room temperature and the incubation medium saturated with carbogen. The 
follicles were then washed three times and were incubated in normal SIF for 5min 
before loading with the fluorimetric probe. 
Loading of the calcium fluorimetric probe 
The calcium fluorimetric probe used was fura-2/AM. Vials containing 20iil of 
I m M of the probe were prepared by dissolving the stock powder in dimethyl 
sulfoxide (DMSO). Final concentration of 2 j iM was made by diluting one vial's 
— content in 10ml of SIF. 
The follicles that had been treated with enzymes were incubated in 2\iM fura-2/AM 
for Ihr at room temperature. Carrying out the loading at room temperature had the 
advantage of minimizing the unwanted uptake of the dye into the cell organelles. 
During the process, the incubating solution was continuously bubbled with 
carbogen and moved in a shaker. The shaking process seemed to be essential for 
satisfactory loading of fura-2. 
After the loading procedure, the follicles were transferred for incubation in normal 
SIF for a period of at least 30min at 32°C and continuously bubbled with carbogen. 
This procedure again proved an important step during which incompletely 
-64-
hydrolysed forms of the fura-2/AM ester could leak out of the cell and get washed 
away. This would in turn improve the accuracy of the results by increasing the 
signal to background noise ratio. 
Experimental procedures 
The follicles were now ready to be used for experimental studies. The follicles 
were released from the silicon slides which had been used during enzymatic and 
fura-2 treatments. One follicle at a time was placed on a round coverslip clamped 
in a specially made Perspex organ bath. The coverslip has a thickness of 0.11mm 
and a diameter of 31mm. The follicle was kept in place by adhering the hair at a 
distance of about 5mm from the follicle with a short length of adhesive tape. 
Continuous superfusion of the follicle was achieved using a pump (Ismatec MS 
reglo) with a rate of about Iml/min. The fluid level in the organ bath was fixed by 
adjusting the outlet level so that the volume was kept at 0.5ml. The body of the 
hair follicle together with the nerve were submerged in carbogen saturated SIF 
while the hair was in an extension of the organ bath which could be kept dry. 
a) Identification of Merkel cells 
Quinacrine labelled Merkel cells were identified using the Nikon inverted 
microscope (Diaphot TDM-EF) equipped with a Xenon lamp. For visualization of 
the fluorescence, emitted UV radiation passed through an exciter filter 
EX400-440, a beam splitter DM455 and a barrier filter BA470. 
Locations of Merkel cells could be seen under a magnification of xlOO (objective 
lens Plan xlO, eye piece xlO). For clearer visualization of the size and shape of 
Merkel cells, magnification power of x400 (objective lens CF Fluor x40, eye piece 
xlO) was used. 
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b) Electrophysiological recordings 
Mechanical stimuli were given by attaching the hair to a stainless steel loop which 
could be moved horizontally by a micromanipulator (Narishige). Movement of the 
hair did not cause any change in the position of the follicle because the follicle has 
been adhered in place using the adhesive tape. In order to record nerve activities, 
the afferent nerve was attached to an Ag-AgCl recording electrode. By briefly 
raising the different electrode to air with a micromanipulator (Fine Science Tools, 
INC.), while keeping the indifferent electrode submerged in SIF, receptor 
responses to mechanical stimulation could be recorded. The action potentials were 
amplified using a differential amplifier (Neurolog NL103) and were filtered 
(500-5,000 Hz, Neurolog NL125) before recording using a DAT recorder (Sony) 
with modified frequency response from DC to 20 kHz. Signals were 
simultaneously displayed on an oscilloscope (Tektronix 2230). Ability to respond 
to mechanical stimulation showed that the mechanoreceptors of the follicle were 
still intact and responsive. However, the process of the recording had to be as brief 
as possible to avoid drying of the nerve. 
c) Application of drugs 
Drops of drugs were applied directly to the bathing medium. During drug 
application, the superfusion was stopped. In order to facilitate equal spreading of 
the drug in the bathing medium, drops were given to areas surrounding the follicle. 
The superfusion was restarted when the drug effect had ceased and the signals had 
returned to their original level or when there was no effect after having waited for 
approximately Imin following application of the drug. Some drugs were also 
applied by superfusion by switching the inlet solution from normal SIF to drug 
containing SIF. 
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d) Fluorimetric measurements using the Newcastle 
Photometric System 
The Newcastle Photometric System was used for the purpose of displaying and 
monitoring the fluorescence levels of the loaded dye. The system used in the 
present experiment consisted of a) an IBM-PC/AT compatible computer with 
interface card, b) a two channel photon pulse amplifier box, c) ambient 
photomultiplier housings, d) a pair of photomultiplier tubes, e) a photomultiplier 
power supply, f) a filter changer, g) assorted interconnection cables and h) an 
application software (Count v. 4.2). A HP Laserjet printer was also connected for 
producing hard copies of the screen displays. 
Fig. 3.1 shows a complete setting of the photon counting system. Following the 
dotted line representing the ultraviolet (UV) light path in fig. 3.1, the light ray 
initially passed through the neutral density (ND16) filter and excitation filters of 
either 350 or 380nm wavelength changed rhythmically by a software controlled 
motor. Light with a wavelength shorter than 400nm was deflected 90 degrees 
upward to the fura-2 loaded specimen by the dichroic mirror DM400. The UV 
light of wavelength 350 or 380nm caused excitation of fura-2 depending on the 
Ca2+ concentration and hence emission of photons at 520nm wavelength. This 
reflected fluorescence from the specimen (represented by the solid line in fig. 3.1) 
then passed through a barrier filter BA520 to the eyepieces and side port. The side 
port was connected to a beam splitter box with two photomultiplier tubes and a 
colour video camera (JVC TK-1280E) attached. The U V light of wavelength 
520nm was deflected 90 degrees by a dichroic mirror DM580, passing through a 
barrier filter IF520 and entering the photomultiplier tube for collection of signals. 
The intensity of signals were analysed with the photon pulse amplifier box 
connected to the photomultiplier tubes. Analysed signals were displayed on the 
computer screen as numbers of photons emitted in response to excitation 
(SWL-single wavelength count) with one of the two wavelengths 350 and 380nm 
for fura-2, the counting time for each wavelength was 80ms respectively. Ratios 
between SWL of 350nm and of 380nm were calculated and displayed on the 
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screen. Throughout the monitoring o f signals, the positions o f the two excitation 
filters were switched by a motor controlled filter wheel every 800ms. 
While the fluorescence signals were measured, the position of the specimen on the 
microscope platform could be simultaneously monitored using red light. The red 
image with a much longer wavelength than the fluorescence signal was directed 
toward the video camera and was displayed on a television screen. The barrier 
filter IF520 in front of the photomultiplier input ensured minimum noise level 
caused by the red image. 
Determination of intracellular Ca^ ^ levels 
The concentrations of intracellular Ca2+ concentration ([Ca^^],) could be calibrated 
using the equation derived by Grynkiewicz et al. (1985) as follows: 
[Ca21 = Kd { (R-R.J/(R.ax-R)} X ( S J S 匪 ) 
where K^ is the dissociation constant of fura-2 and was taken as 173nM at 22。C 
and pH 7.4 (Lattanzio, 1990). As an example shown in fig. 3.2, R represents the 
ratio values measured, 狀 and are ratios when the cells were fully 
equilibrated with extracellular C r ^ by ionomycin ( R ^ J and when the intracellular 
calcium ions were completely buffered by the Ca^^ chelator EGTA (R^J. In order 
to obtain R^^ , at the end of each experiment, the Ca!— ionophore, ionomycin was 
added to the bathing solution producing a final concentration of lOjiM. Under this 
situation, the intracellular Ca^^ level became equilibrated with that of the 
extracellular Ca^^，therefore, resulting in full saturation of fura-2 in the cells with 
Ca2+. Immediately after saturation of f U r a - 2， v a l u e s could be obtained by 
adding a final concentration of 15mM of EGTA to the bathing medium so that all 
intracellular and extracellular calcium ions were chelated. 
During exposure to ionomycin, one could observe an increase in the fluorescence 
signal at 350nm and a decrease in the fluorescence signal at 380nm, resulting in an 
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increase in the ratio value indicating an increase in intracellular Ca〗. level. On the 
other hand, during exposure to EGTA, the 350nm signal decreased and the 380nm 
signal increased causing a decrease in the ratio value indicating a decrease in the 
intracellular Ca^^  level. In parallel to obtaining the E^狀 and values, the single 
wavelength fluorescence signals at 380nm were also obtained: after 
ionomycin addition and S^^ after chelation with EGTA. In the present 
experiments, mean values during the last 10s of exposure to ionomycin and EGTA 
were calculated. The final stage of the calibration procedure was to quench the 
fura-2 fluorescence with MnCl:. After the quenching, the remaining single 
wavelength counts (SWL) indicated the autofluorescence of the cellular structures 
and by subtracting the amount of autofluorescence, more accurate signals could be 
obtained. 
Mechanical stimulation of individual Merkel cells 
Attempts were made to stimulate small groups of Merkel cells. Merkel cells were 
identified using quinacrine labelling technique as well as by means of their unique 
elongated shapes. For mechanical stimulation of the Merkel cells, fine glass rods 
were used and were pushed against one to several cells. Fine movement of the 
glass rods was made using a hydraulic micromanipulator (Narishige, Nikon). A 
magnification power of x400 was used. Monitoring of the Ca^^  levels was made 
using the Newcastle Photometric System while the mechanical stimulation was 
taking place. 
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Fig. 3.1 
Diagram illustrating the experimental set-up of the calcium fluorimetric system 
consisting of the Nikon Diaphot TMD-EF inverted microscope and the Newcastle 
Photometric System. The light paths of the excitation wavelengths 350 and 380nm 
(dotted line) for the Ca^^  fluorescent dye fiira-2 and the arrangement for the 
measurement of the emitted wavelength of 520nm (solid line) are shown. 
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Fig. 3.2 
A typical on-line screen display during the monitoring of the intracellular Ca"^  
levels in the Merkel cells of the isolated sinus hair preparation using fura-2 as the 
indicator. The bottom panel shows the photon count signals (SWL) emitted at the 
two excitation wavelengths, 380nm (upper tracing) and 350nm (lower tracing). 
The top panel shows the ratio of the 350/380 photon count signals. The x-axis 
represents the time in seconds. A. ionomycin (lOmM); B. EGTA (15mM); 
C. MnCl^ (30mM). 
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Section 3: Procedures for electrophysiological study 
An isolated sinus hair preparation was developed for the study of the 
responsiveness of the sinus hair type I (St I ) mechanoreceptors. This in-vitro 
technique was based on the original set-up developed for isolated skin by Reeh 
(1986, 1988). The technique was modified for the purpose of in-vitro studies on 
mechanoreceptors in the skin of the hindleg of rats (Baumann & Tsu，1990) and in 
the sinus hair in the present experiments (Baumann et al , 1994). During 
experiments, the tissue was continuously superflised with carbogen saturated SIF 
at temperature of about 30°C. Feedback control mechanical stimuli were 
introduced and firing patterns of the mechanoreceptors were recorded from the 
nerve attached to the recording electrode. Parameters like the firing pattern, 
number of spikes per stimulus, the force and displacement of stimulation were 
recorded and analysed. 
a) The isolated sinus hair preparation 
As shown in fig. 3.3，the experimental set-up of the isolated sinus hair preparation 
consisted of an organ bath, a feedback control mechanical stimulation unit, 
electronic set-up for recording and amplification of nerve activities, and computer 
programmes written in Turbo Pascal language for the purpose of experimental 
control of parameters and analysis of data. 
The organ bath 
The organ bath was composed of two chambers (fig. 3.4)，one used for mechanical 
stimulation and the other one for recording of nerve activities. Prior to dissection 
of the sinus hair, the organ bath was perfused with carbogen saturated SIF. The 
fluid entered the recording chamber at mid-level and was removed from the upper 
end of the mechanical stimulation chamber. Circulation of the solution was 
controlled by a pump (Ismatec MS reglo) at a speed of approximately 1.25 ml/min 
warmed up by passing through a feedback temperature controlled water bath prior 
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to entering the organ bath. For part of the drug applications it was necessary to 
stop the superfusion of SIF. During such periods the warming effect of a lOOW 
light bulb above the experimental set-up was used to keep the temperature of the 
organ bath. 
The isolated sinus hair follicle together with a short length of nerve was placed in 
the recording chamber and was mounted on a platform made of silicon rubber 
(moulded with Sylgard 184, Dow Corning). The follicle was fixed in place using 
insect pins. The recording chamber contained two layers of fluids, below the 
platform fluorinert FC-40 (Sigma) and above normal SIF superflising the hair 
follicle. For recording of nerve action potentials, the nerve was attached to the 
different electrode in fluorinert with the indifferent electrode exposed to the 
perfusing solution. Submerging the different electrode in fluorinert FC-40 provided 
sufficiently high resistance for the electrophysiological recording with good signal 
to noise ratio. The nerve was teased finely for recording of single units. 
Mechanical stimulation and signal recordings 
Mechanoreceptors of the follicle could be activated by bending the hair. This could 
be achieved by attaching a loop of stainless steel to the hair at a distance of 
approximately 15mm from the follicular body. Displacing the loop in the most 
sensitive direction allowed mechanical stimulation of the mechanoreceptors. The 
magnitude of stimulation was represented by displacement in mm and could be 
monitored by a displacement transducer (Sangamo Model DF5, Schlumberger) 
driven by a feedback controlled electromechanical transducer (Bruel & Kjaer No. 
4810). The feedback control unit was originally designed by the Department of 
Electronics and built by the Electronic Workshop of the Technical Services Unit of 
the Chinese University of Hong Kong. The magnitude of the displacement was 
displayed on the chart recorder (Graphtec, Linearcorder MarkVI I WR3101) as 
well as digitized by the CED1401 laboratory interface linked to a 80486 based 
computer for display on the VGA-monitor and saving of the data on harddisk. The 
- 7 3 -
displacement of stimulation could also be monitored on an oscilloscope (Tektronix 
2430A or Gould 1604). 
Action potentials of the mechanoreceptors in response to mechanical stimuli were 
recorded via silver electrodes and amplified using a differential amplifier (Neurolog 
NL103) and filter (500-5,000 Hz, Neurolog NL125). The filtered signals were 
further processed with a spike processor (Digitimer D130) in which spikes were 
specified using a window discriminator. The recorded spikes were displayed on the 
oscilloscope together with the lower and upper windows for discrimination of 
spikes. Simultaneously, recorded signals were displayed on the chart recorder and 
on the computer screen. On the chart recorder, signals were displayed as the 
number of spikes per stimulus counted via the spike processor. On the computer 
screen, the occurrence of individual spikes recorded were displayed via the 
CED1401 laboratory interface connected to the computer as well as their numbers 
for various time periods during and between stimuli together with the 
interspike-interval histograms (see fig. 3.5). 
Control of stimulation parameters 
During experiments, an 80486 based microcomputer was linked to the CED1401 
laboratory interface in order to provide a digital to analog control of experimental 
parameters as well as analog to digital conversion of the recorded signals. 
Computer programmes in Turbo Pascal language written in our laboratory were 
used in all electrophysiological experiments allowing modifications in amplitude of 
the displacement, the time interval between stimuli, the duration of individual 
stimuli and the number of stimuli to be applied during the experiment. 
The range of displacement amplitude could be adjusted from zero to 2.5mm. The 
duration of individual stimuli was either 2500ms or 5000ms with time intervals 
between stimuli of 30s or 60s. Stimuli lasting 2500ms had dynamic phases 
ascending and descending of 250ms each, and a plateau phase of 2000ms. Stimuli 
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lasting 5000ms had dynamic phases ascending and descending of 500ms each and a 
plateau phase of 4000ms. 
Application of drugs 
Drugs could be applied in two different ways, by perfusion and direct 
administration. Using the perfusion method, the normal perfusate was replaced 
with drug solutions of certain concentrations and were allowed to superfuse the 
tissue for periods of 10 to 30 mins. The drug was then removed by changing the 
perfusing medium back to normal SIF. 
For direct administration, the pump was stopped temporarily during drug addition. 
Concentrated drug solutions were added to the recording chamber of 
approximately 2.5ml volume and were diluted to the desired final concentrations. 
The volume of the concentrated drug solution was kept to a minimum to prevent 
diluting the perfusate compositions and therefore never exceeded 25|il. During 
administration of the drug, the drug solution in the pipette was triturated in the 
recording chamber to allow even spreading of the drug. The time of exposure was 
lOmin or shorter depending on the effect of the drug. Removal of the drug was 
done by re-starting the pump. 
Display of data and analysis 
The typical screen display following a mechanical stimulus is as shown in fig. 3.5. 
The top graphic display shows the action potentials recorded and the number of 
spikes counted every Is throughout the 4s plateau phase are displayed above with 
the percentage of adaptation shown on the right. The middle display shows the 
stimulation profile of the actual displacement. The duration of the stimulus in this 
particular experiment was 5s consisting of dynamic phases in the beginning and the 
end lasting 500ms each. At the bottom of the screen are the interspike interval 
(ISI) histograms of the spikes during different periods. The ISI provide information 
about the number of observations of particular intervals between spikes. These 
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were analyzed with a bin width of 1ms during stimuli and 10ms between stimuli. 
Here, the numbers of intervals in each bin are plotted as % of the total number of 
spikes during that time period against the interval between spikes in ms. Different 
stages of the mechanical stimuli including those between stimuli, during the first 
dynamic phase lasting 500ms and during the last 2s of the static phase were 
displayed from left to right showing their ISI histograms. The patterns of the ISI 
distribution are useful in the identification of the type of mechanoreceptor being 
stimulated while the experiment is proceeding. For example, in addition to 
observing its regular pattern in the top tracing, the mechanoreceptor in fig. 3.5 
could be further confirmed as a sinus hair type I I mechanoreceptor because the ISI 
pattern during the last 2s of the static phase is narrow with a low coefficient of 
variance (in this case 0.070). After 30s, the next stimulus was given and the screen 
displayed a new set of results. 
b) The isolated skin-nerve preparation 
The skin-nerve preparation provided an alternative to confirm the consistency of 
chemical effects on the response of the Merkel cell mechanoreceptors. The 
experimental set-up of the skin-nerve in-vitro preparation was similar to that of the 
isolated sinus hair preparation, with the exception that the method of mechanical 
stimulation and signal recording were modified. For this skin-nerve in-vitro 
preparation, the skin patch together with the saphenous nerve from the hindlimb of 
the animal was isolated for electrophysiological studies. 
Dissection 
Male Sprague-Dawley rats of body weight 250-300g were used and were 
anaesthetized with urethane (20% w/v, 6mg/ml). Prior to starting the dissection, 
carbogen saturated SIF was prepared to be used during the dissection and for 
perfusion of the isolated tissue throughout the experiment. The left hindlimb of the 
anaesthetized animal was then shaved for easier dissection. It was placed to lie on 
its back with the hindpaw adhered with double-sided selotape to a prism-shaped 
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Perspex block. The procedure started with cutting open the skin of the groin at the 
upper part of the hindlimb to expose the saphenous nerve. Avoiding the artery at 
its proximal end, the nerve was cut and a knot was tied using a fine piece of thread. 
By getting hold of the thread, the nerve could be manipulated without damage. 
Avoiding the vein, the nerve was freed from the surrounding connective tissue with 
a fine pair of scissors until reaching a point when the nerve started to split into 
branches. Drops of the carbogen saturated SIF were added frequently to avoid 
drying o f the nerve. The skin patch covering the front part o f the hindlimb was now 
dissected free. Starting from the foot, the area lining from the toe to the two sides 
of the foot were cut all the way up to the groin where the dissection began. The 
skin patch was then detached from the muscles and bones by cutting into the 
subcutaneous connective tissue layer. During the dissection，care was taken to 
avoid damaging the corium layer of the skin which contains an abundant network 
of nerve branches. Upon reaching the point where the nerve and the blood supply 
entered the skin patch, the skin and the nerve were separated from the body by 
cutting the artery and vein. The isolated skin-nerve preparation was then rinsed and 
kept in carbogen saturated SIF before being placed in the organ bath. 
The organ bath 
Although the experimental set-up of the isolated skin-nerve preparation was similar 
to that of the isolated sinus hair preparation, there are some important differences. 
As shown in fig. 3.6, the organ bath is separated into two compartments, the tissue 
and recording chambers. In the tissue chamber, the skin patch was placed 
丨inside-out丨 with the corium side facing upward on a silicon rubber support. The 
position of the tissue was fixed and was slightly stretched using insect pins along 
the edges. In the middle part, the thickness of the silicon rubber was made thinner 
to provide a softer support to the skin patch. The advantage of the softer support 
was to achieve a more gentle increase in the force being applied onto the skin 
during mechanical stimulations. Separating the two chambers was a gate containing 
a hole allowing the SIF to flow freely between the two compartments. The 
.saphenous nerve innervating the skin was also guided through the hole to the 
recording chamber. 
- 7 7 -
The recording chamber contained a dissection platform made of silicon rubber, the 
height of which was slightly over the level of the hole where the nerve was guided 
through. Perfusion of the preparation with carbogen saturated SIF was made 
continuously with a pumping speed of 5ml/min. The liquid levels of the SIF 
between the two chambers equalized due to the free communication between both 
chambers. After stabilization, liquid paraffin was poured onto the perfusing SIF in 
the recording chamber. The purpose of using liquid paraffin was to provide a high 
resistance medium for the recording of nerve action potentials. There were now 
two layers of liquid media in the recording chamber, the perfusing SIF at the 
bottom and the liquid paraffin at the top. The set-up of the recording electrodes 
was arranged in a way that the different electrode was submerged in the liquid 
paraffin while the indifferent electrode was placed in the perfusing SIF. For 
recording of nerve impulses, the nerve was desheathed and the finely teased nerve 
bundles were placed on the different electrode in the liquid paraffin. The process 
t 
was repeated until a satisfactory single unit of the desired type of receptor was 
recorded. 
Identification of mechanoreceptors and stimulation 
arrangements 
Mechanical stimuli were applied directly on the corium side of the skin. The slowly 
adapting type I (SA I) or type I I (SA I I ) mechanoreceptors could be recognised by 
probing across the skin with a polished glass rod. With regard to the SA I 
mechanoreceptors, they could be identified by their irregular firing pattern with an 
initial high frequency of firing which gradually decreased with maintained pressure 
exerted by the glass rod. In contrast, SA I I mechanoreceptors responded with a 
regular firing rate and the regularity remained even when the frequency of firing 
decreased during adaptation with sustained stimulation. Once a type of 
mechanoreceptor was identified and located, the position of a Perspex probe was 
adjusted so that it was directly perpendicular above the receptive field. The 
rounded tip of the probe had a diameter of 1mm and was attached to force and 
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displacement transducers. Similar to the electrical arrangement of the sinus hair 
preparation (fig. 3.3), the probe was driven by an electromechanical transducer 
(Bruel & Kjaer No. 4810). Stimulation parameters of force and displacement were 
monitored by force and displacement transducers (Statham UC2 & Sangamo 
Model DF5, Schlumberger) connected to a feedback control unit to monitor and 
adjust the signal given to the Bruel & Kjaer transducer. However, unlike the sinus 
hair preparation, in the present experiment the signal of the force transducer was 
used as input for the feedback control. 
Application of drugs 
There were two ways of applying drugs, one by superfusion and the other by 
adding drugs directly to the receptive field area. For both methods, a stainless steel 
ring of 8mm inner diameter was placed onto the area enclosing the identified 
receptive field. A separate perfusion system was used to superfUse this enclosed 
skin area. This has an advantage that while drugs were added into the ring by 
perfusion, other parts of the skin would not be affected. Moreover, due to the 
small size, even spreading of the drugs could be easily achieved and the drugs 
could be removed within a short time. 
Direct application of drugs was also carried out. Prior to addition of drugs, similar 
to the experiments on sinus hairs, in some experiments, the pump was stopped and 
drops of drug solutions were added directly into the ring. The volume inside the 
ring was 0.4ml, concentrated drug solutions were added and were diluted to 
achieve the desired final concentration. Due to the small volume in the ring, the 
volumes of the drug solutions were limited to below 10|il. Direct application has 
an advantage of achieving the final concentration within a very short time. This 
was particularly useful for drugs like ATP which had been suggested to be rapidly 
hydrolysed by enzymes in the tissues (Burnstock & Kennedy, 1985). 
- 7 9 -
Control of stimulation parameters 
Once the probe was placed directly above the mechanoreceptive field, the probe 
was displaced carefully downward to achieve a contact force of 0.5mN. The force 
applied could be monitored on the oscilloscope which was connected to the 
feedback controlled unit. A contact force of 0.5mN was set as the reference basal 
level and the feedback control circuit was closed, which means that after every 
mechanical stimulus, the force would return to the basal reference level. Similar to 
the stimulation arrangement of the sinus hair preparation, parameters like the force 
of stimulation ranging from 0 to 25mN, duration of individual stimuli of either 
2500 or 5000ms and the time interval between stimuli of 30 or 60s could be 
selected. 
Recording of signals 
Again, similar to the electronic arrangement of the sinus hair preparation, the nerve 
action potentials of the mechanoreceptors in response to mechanical stimuli were 
recorded using silver recording electrodes and amplified with a differential 
amplifier (Neurolog NL103), filtered (500 to 5,000 Hz) by discarding high and low 
frequency noises (Neurolog NL125). They were further analysed with a spike 
processor (Digitimer D130) possessing window adjustment functions so that 
signals of amplitudes between the upper and lower discriminating windows were 
counted as 'real' signals and those falling outside were discarded. 
Data display 
Computer programmes developed in the laboratory in Turbo Pascal were used for 
experimental control and display and analysis of data. On-line screen display of the 
recorded signals and stimulation parameters was achieved via a CED1401 
laboratory interface (A/D converter) connected to a 80486 microcomputer. 
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Shown in fig. 3.7 is an example of the screen display immediately after a single 
mechanical stimulus. The top graphic display was the response of a slowly adapting 
type I (SA I) mechanoreceptor represented as a series of spikes, below which was 
the stimulation profile showing the force and displacement patterns. The 
stimulation began with a dynamic phase of 500ms followed by a plateau phase of 
4000ms and ended with a ramp phase of 500ms. During the dynamic phase, the 
force increased from the contact force O.SmN up to 15mN. Upon reaching the 
plateau phase, the force of 15mN was sustained for 4000ms and then returned to 
O.SmN in 500ms. In order to maintain a constant force of 15mN, the displacement 
of the probe had to be slightly increased during the plateau phase depending on the 
viscoelastic properties of the skin and underlying material. The response of the SA 
I mechanoreceptor could be seen to be irregular with a high initial frequency of 
firing during the dynamic phase, gradually decreasing during the plateau phase as 
sign of receptor adaptation. 
At the bottom were the interspike interval (ISI) histograms used to analyse the 
response pattern of the mechanoreceptor. As has been mentioned before for the 
sinus hair preparation, ISI histograms are useful for differentiating the type of 
mechanoreceptor being stimulated. The panel on the right represents the pattern 
during the last 2000ms of the plateau phase. The pattern observed had a skewed 
shape and was spreading along the x-axis with a high coefficient of variance. This 
indicates the type of the mechanoreceptor to be SA I because the pattern reflects a 
wide range of time intervals between spikes and therefore a high irregularity of 
firing. In the absence of spontaneous firing, the left-hand panel representing spikes 
recorded between stimuli shows no graphics. The screen display was updated after 
the application of the next mechanical stimulus 30s following the beginning of the 
previous stimulus. 
Action potentials with window discriminator levels were displayed on the 
oscilloscope. During the entire period of the mechanical stimulus lasting 2500 or 
5000ms electrical signals of force and displacement were digitized every 10 or 
20ms respectively by the CED1401 laboratory interface and stored on harddisk 
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together with interspike intervals analysed using 1ms bins. For easy overview of 
the time course of the experiments the total number o f spikes per stimulus was 
recorded on the chart recorder. Simultaneously, they were also displayed on the 
oscilloscope via the feedback controlled unit. The recorded signals were also 
represented as the number of spikes per stimulus on the chart recorder. 
Data analysis 
Recorded information and stimulation parameters stored on the computer harddisk 
could be retrieved for analysis purposes. Responses represented as the number of 
impulses per stimulus were plotted against time. The means of the responses were 
calculated by taking the mean values during the last 10 stimuli before addition of 
the drug as reference value of 100%. Al l other values were calculated as percent of 
these control levels. Therefore, the format o f the axes would be the percentage 
number of spikes per stimulus plotted against time. Standard error of the means 
(SEM) were calculated. When comparison between two sets of data was required, 
t-tests were carried out for analysing the confidence levels that the data were 
significantly different. 
Section 4: Chemicals 
The drugs used were adenosine 5'-triphosphate (ATP), caffeine, Type l A 
collagenase，dimethylsulfoxide (DMSO), DL-dithiothreitol (DTT)，EGTA, 
ionomycin, manganese chloride (Mn^Cl)，reactive blue 2, thapsigargin from Sigma; 
B APT A/AM, fura-2/AM from Calbiochem; adenosine, (+) / (-) BAYK8644, 
co-conotoxin (co-CgTX), aP-methyleneATP (aP-meATP), 2-methylthioATP and 
PPADS from RBI; suramin from Bayer; quinacrine dihydrochloride from B D H 
Chemical Ltd.. 
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Fig. 3.3 
Block diagram showing the experimental set-up of the isolated rat sinus hair 
preparation. The set-up can be divided into 4 main sections: 1. the organ bath, 2. 
the stimulation unit, 3. the recording unit, and 4. the display and data analysis unit. 
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Fig. 3.4A & B 
Diagrammatic illustration of the organ bath for the isolated rat sinus hair 
preparation. A) The organ bath contains two compartments: the stimulation 
chamber and the recording chamber (Top view). B) The recording chamber has a 
silicon platform for mounting of the hair follicle. There are two layers of solution 
media: normal SIF at the top for superfusion of the tissue and fluorinert FC-40 at 
the bottom for efficient recording of signals from the nerve (Side view). The 
electronic and electrical arrangements of the preparation can be referred to fig. 3.3. 
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Fig. 3.5 
The typical screen display following mechanical stimulation of the isolated rat sinus 
hair preparation. The middle panel shows the displacement stimulus profile with an 
amplitude of 1.5mm and a duration of 5s. The top panel shows the recorded action 
potentials represented as spikes. The three graphic displays at the bottom are the 
interspike interval (ISI) histograms during different stages of the mechanical 
stimulus: the spike pattern between the previous and the present stimulus 
( INTERVAL ISI), the spike pattern during the dynamic phase from 0 to 500ms 
(ISI DYN) and the spike pattern during the static phase from 2500 to 4500ms (ISI 
STATIC). 
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Diagram showing the organ bath used in the isolated rat skin preparation. The 
organ bath consists of two compartments: the stimulation and recording chambers. 
The stimulation chamber contains a thin layer of silicon rubber providing a soft 
support to the skin. In the recording chamber, there are two layers of fluids: the 
bottom layer is the SIF and the top layer is the liquid paraffin. The SIF flows freely 
in and out o f the stimulation and recording chambers. The nerve and the recording 
electrodes are emerged in liquid paraffin for recording of action potentials. The 
temperature is kept constant at 28。C using a feedback temperature controller. 
Electrical and electronic arrangements can be referred to fig. 3.3. 
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Fig. 3.7 
The typical screen display following mechanical stimulation in the isolated rat 
skin-nerve preparation. The middle panel shows the force and displacement of the 
mechanical stimulus (15mN lasting 5000ms). The top panel shows the recorded 
action potentials represented as spikes. The bottom panels are the interspike 
interval (ISI) histograms during different stages o f the mechanical stimulus: the 
pattern between the previous and the present stimulus ( INTERVAL ISI), the 
pattern during the dynamic phase from 0 to 500ms (ISI DYN), and the pattern 
during the static phase from 2500 to 4500ms (ISI STATIC). 
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Chapter 4: RESULTS 
Section 1: Electrophysiological studies in an isolated sinus 
hair preparation 
a) Displacement-response relationships of sinus hair type I 
(St I) and type II (St II) mechanoreceptors 
The two types of mechanoreceptors produced different firing patterns and could be 
differentiated by the shapes of their ISI histograms during the plateau phase of the 
mechanical stimulation. In addition, it was also shown that their ISI histogram 
patterns change in different ways with changing amplitudes of the bending of the 
hair. The hair was bent by feedback controlled displacement stimuli for 5s. The 
stimuli had a trapezoid shape with ramp phases of 500ms each and a plateau phase 
of 4s. The displacement of the plateau phase could be varied between 0.5 and 
2.5mm. Results from a representative of the St I mechanoreceptors showed that 
the receptor fired with increasing number of impulses per stimulus with respect to 
the increase in the displacement (fig. 4.1). The number of impulses increased with a 
lower rate as the amplitude of the displacement reached 2.0mm. The shapes of the 
ISI histograms also changed with different displacements (fig. 4.2). The shape of 
the histogram became narrower as the displacement increased from 1.5 to 2.5mm. 
This could be indicated from the c.v. values which decreased slightly as the 
amplitude of the displacement increased. The number of impulses per stimulus of a 
representative of the St I I mechanoreceptors also increased with increasing 
displacement of the stimulation (fig. 4.3). In contrast to those of St I 
mechanoreceptors, the shapes of the ISI histograms of St I I mechanoreceptors 
showed no significant difference with changes in the displacement (fig. 4.4). The 
c.v. values stayed within a narrow range of 0.06 to 0.07. But the histograms shifted 
along the x-axis to shorter intervals as the displacement increased. 
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A displacement of 1.5mm was used in all experiments since it produced a 
submaximal range of firing rates. In fig. 4.1，at a displacement of 1.5mm, the firing 
rate of the St I mechanoreceptor represented about 80% of the maximum level. 
From the graph shown in fig. 4.3，at a displacement of 1.5mm, the firing rate of the 
St I I mechanoreceptor represents about 70% of the maximum level. 
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Fig. 4.1 
Displacement-response relationship of a representative of sinus hair type I (St I) 
mechanoreceptors. Trapezoidal displacement stimuli of 5s (500ms ramps and 4s 
plateau phase) were given every 30s. The displacement increased from 0.5 to 
2.5mm in steps of 0.5mm. Each error bar describes the 士SEM of the numbers of 
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Fig. 4.2 
Interspike interval (ISI) histograms of the firing response of the St I 
mechanoreceptor in fig. 4.1 to displacement stimuli of amplitudes 1.5, 2.0 and 
2.5mm. The histograms represent the patterns during the last 2s of the plateau 
phase of the 5s stimulation. 
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Fig. 4.3 
Displacement-response relationship of a representative of sinus hair type I I (St I I ) 
mechanoreceptors. Trapezoidal displacement stimuli of 5s (500ms ramps and 4s 
plateau phase) were given every 30s. The displacement increased from 0.5 to 
2.5mm in steps of 0.5mm. Each error bar describes the 土SEM of the numbers of 
impulses per stimulus in response to 10 stimuli. 
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Fig. 4.4 
Interspike interval (ISI) histograms of the firing response of the St I I 
mechanoreceptor in fig. 4.3 to displacement stimuli of amplitudes 1.5, 2.0 and 
2.5mm. The histograms represent the patterns during the last 2s of the plateau 
phase of the 5s stimulation. 
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b) Drug effects on the response of St I mechanoreceptors 
ATP 
The effects of ATP on the responses of the St I mechanoreceptors to displacement 
stimuli were examined. ATP was applied as bolus to the bath medium and during 
the application, superfusion of the preparation was stopped temporarily for a 
period of 5min. The bath temperature was kept at about 28°C by illumination with 
a lOOW light bulb. The drug solution was washed away by re-starting the 
superfusion. In all the experiments, standardized feedback control displacement 
stimuli lasting 5s were given every 30s. 
Application of O.SmM ATP caused a depression in the mean response of the 
mechanoreceptor to the standardized displacement stimuli (fig. 4.5). The mean 
numbers of impulses per stimulus were expressed as the percentage of the control 
response during the last 5min (10 stimuli) before the drug application. During 
exposure to ATP, the mean response decreased to approximately 78.2 土 7.0% 
(n=5) of the control response. The mean response then returned to the control 
level after re-starting the superfusion to remove the drug. An interval of at least 
30min was allowed between drug applications. It was shown that the effect of ATP 
could be reproduced in a second application on the same preparation. Fig. 4.6 
shows the changes in the ISI histogram patterns obtained from one experiment 
before (fig. 4.6A), during (fig. 4.6B) and after (fig. 4.6C) the application of O.SmM 
ATP. During exposure to ATP, the histogram can be seen to have shifted to the 
right along the x-axis. This indicates that the mean ISI has increased in the 
presence of ATP. The shape of the histogram has also become wider following the 
application of ATP as indicated from the increase in the c.v. value. 
On separate preparations, by using a higher concentration of ATP (ImM), the 
response of the St I mechanoreceptors decreased further to 45.3 土 5.6% ( n = l l ) 
(e.g. fig. 4.7, fig. 4.8) of the control level. Occasionally, brief increases in the 
number of impulses could be observed immediately after application of ImM ATP 
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and before the depression of the response (fig. 4.8). In fig. 4.9B, corresponding to 
the period where there was a brief increase in the response, the ISI histograms can 
be seen to shift to a shorter mean ISI which then became greatly distorted during 
receptor failure (fig. 4.9C). The ISI histogram returned to the control pattern after 
the removal of ATP (fig. 4.9D). 
The effects of ATP on St I mechanoreceptors are summarized in fig. 4.10. The 
mean responses after the application of ATP were obtained from the data points 
during the most suppressed state with reference to the mean control response 5min 
(10 stimuli) before the drug addition. It can be seen from fig. 4.10 that ATP at 
concentrations 0.5 and I m M significantly suppressed the responses of St I 
mechanoreceptors in a dose-dependent manner. 
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Fig. 4.5 
The effect of O.SmM ATP on the mean response of St I mechanoreceptors (n=5) to 
standardized displacement stimuli lasting 5s (500ms ramp and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the response 
during the last 5min (10 stimuli) control period before drug addition. The unfilled 
bar at the bottom represents the exposure of the preparation to 0.5mM ATP. The 
fil led bars labelled A, B and C adjacent to the curve are the data points taken for 
analysis of the ISI histograms. 
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Fig. 4.6A-C 
ISI histograms describing the data points labelled A, B and C from one set of 
experiment in fig. 4.5. A) ISI histogram during the control period of the 
experiment; B) ISI histogram during exposure to 0.5mM ATP; C) ISI histogram 
after the removal of ATP. Each ISI histogram represents 3 to 5 responses to the 
displacement stimuli. 
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Fig. 4.7 
The effect of I m M ATP on the mean response of St I mechanoreceptors (n=l 1) to 
standardized displacement stimuli lasting 5s (500ms ramp and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the response 
during the last 5min (10 stimuli) control period before drug addition. The unfilled 
bar at the bottom represents the exposure of the preparation to ImM ATP. 
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Fig. 4.8 
The effect of I m M ATP on the response of one St I mechanoreceptor to 
standardized displacement stimuli lasting 5s (500ms ramps and 4s plateau phase) 
every 30s. The unfilled bar at the top represents the exposure of the preparation to 
I m M ATP. The filled bars labelled A, B, C and D adjacent to the curve are the 
data points taken for analysis of the ISI histograms. 
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Fig. 4.9A-D 
ISI histograms describing the data points labelled C and D in fig. 4.8. A) ISI 
histogram during the control period of the experiment; B) ISI histogram during the 
rising phase of the response after application of I m M ATP; C) ISI histogram 
during the depression phase of the response following the rising phase; D) ISI 
histogram after the removal of ATP. Each ISI histogram represents 3 to 5 
responses to the displacement stimuli. 
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Fig. 4.10 
Effects of 0.5 and I m M ATP on the mean responses of the St I mechanoreceptors 
to standardized displacement stimuli lasting 5s (500ms ramp and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the response 
during the last 5min (10 stimuli) control period before drug addition. Each error 
bar describes the +SEM of the mean responses. * significantly different from the 
control before administration of ATP (P<0.05). 
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(+) BAYK8644 and (-) BAYK8644 
Preliminary experiments were carried out to examine the effects of the L-type Ca^^  
channnel blocker (+) BAYK8644 and activator (-) BAYK8644. Each of the drugs 
were applied by superfusion for 10 to 20min. At a concentration of 5\xM, the time 
of the superfusion was 20min. The results showed that 5 | iM of (+) BAYK8644 
and (-) BAYK8644 produced no effects on the mean response of the St I 
mechanoreceptors (n=2) to the standardized displacement stimuli. On a different 
preparation, lO^iM of (+) BAYK8644 and (-) BAYK8644 was applied by 
superfusion for lOmin. Again, there was no detectable change in the mean receptor 
response (fig. 4.11) of the St I mechanoreceptors (n=2). The mean response was 
expressed as the percentage of the numbers of impulses per stimulus with reference 
to the 5min (10 stimuli) period before the drug addition. 
co-Conotoxin 
In a preliminary study on the effect of the N-type C r^ channel blocker 
co-conotoxin (co-CgTX) the drug was applied by superfusion for a time period of 
20min and the effect on the responses of St I mechanoreceptors to the standardized 
displacement stimuli was investigated. The results showed that application of 
co-CgTX produced no effect on the receptor responses of St I mechanoreceptors 
1 (n=3) to displacement stimuli and a representative of the effect of (o-CgTX at 
10|iM on the receptor responses is shown in fig. 4.12. 
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Fig. 4.11 
The effect of lOj iM (+) BAYK8644 and (-) BAYK8644 on the mean response of 
St I mechanoreceptors (n=2) to standardized displacement stimuli lasting 5s 
(500ms ramp and 4s plateau phase) every 30s. Each % impulses per stimulus is 
expressed as the % of the response during the last 5min (10 stimuli) control period 
before drug addition. The bars at the bottom represent the exposure of the 
preparation to the drugs. 
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Effect of 10|iM oo-CgTX on the response of a St I mechanoreceptor to 
standardized displacement stimuli lasting 5s (500ms ramps and 4s plateau phase) 
every 30s. The bar at the bottom represents the exposure of the preparation to 
co-CgTX. 
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c) The effect of ATP on the response of St II 
mechanoreceptors 
For comparison with the effects of ATP on St I mechanoreceptors described 
above, the effects were also examined on St I I mechanoreceptors. ATP was 
applied as bolus to the bathing medium and during the application, superfusion of 
the preparation was stopped for lOmin. After lOmin, ATP was washed away by 
re-starting the superfusion. Standardized displacement stimuli lasting 5s were given 
every 30s. 
At a concentration of 0.5mM, ATP produced no significant effect on the mean 
response of St I I mechanoreceptors (n=3) to standardized displacement stimuli 
(fig. 4.13). The mean numbers of impulses per stimulus were calculated as the 
percentage of the control during the last 5min (10 stimuli) before drug addition. 
Repeating the experiments on fresh preparations with a higher concentration at 
ImM, ATP also produced no change in the mean firing rate of the 
mechanoreceptors (n=13) and the numbers of impulses stayed close to the 100% 
control level (fig. 4.14). 
In general, application of 0.5 and I m M ATP produced no significant effect on the 
responses of St I I mechanoreceptors. However, in few experiments, there were 
slight increases in the receptor responses following application of ATP. The 
increases represented an average of 10% of the control. However, unlike the effect 
on St I mechanoreceptors, no suppression in the responses of St I I 
mechanoreceptors after addition of ATP was observed. 
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Fig. 4.13 
The effect of 0.5mM ATP on the mean response of St I I mechanoreceptors (n=3) 
to standardized displacement stimuli lasting 5s (500ms ramps and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the response 
during the last 5min (10 stimuli) of the control period before drug addition. Each 
error bar represents the 土 SEM of the mean response. The bar at the bottom 
represents the exposure of the preparation to 0.5mM ATP. 
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The effect of I m M ATP on the mean response of St 11 mechanoreceptors (n=13) 
to standardized displacement stimuli lasting 5s (500ms ramps and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the response 
during the last 5min (10 stimuli) o f the control period before drug addition. Each 
error bar represents the 土 SEM of the mean response. The bar at the bottom 
represents the exposure of the preparation to I m M ATP. 
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Section 2: Electrophysiological studies on slowly adapting 
type I (SA I) mechanoreceptors in an isolated skin-nerve in 
vitro preparation 
a) The effect of ATP on the response of SA I 
mechanoreceptors 
The skin-nerve in vitro preparation consists o f two separate superfusion systems, 
one covers only the receptive field of the SA I mechanoreceptor while the other 
system covers the rest of the skin. Application of ATP was given as bolus to the 
superfused receptive field area enclosed by a stainless steel ring. During the 
application, the superfusion was stopped and was started again after a lOmin drug 
exposure time. Standardized feedback controlled force stimuli lasting 5s (500ms 
ramps and 4s plateau phase) every 30s were given by probing vertically with a 
force of 15mN toward the receptor unit in the skin. 
Application of O.SmM ATP caused a depression in the mean response of SA I 
mechanoreceptors (n=3) to the standardized stimuli (fig. 4.15). The mean numbers 
of impulses per stimulus were calculated as the percentage of the control during 
the last 5min (10 stimuli) before drug addition. With reference to the 100% control 
response, the mean response decreased to a lowest level of approximately 
69.1 土 9.50/0 (n=3) after addition of ATP (O.SmM) (fig. 4.15). The firing patterns 
during the control (labelled A), depression (labelled B) and recovery periods were 
also analysed by examining their ISI histograms. In fig. 4.16，the ISI histogram of a 
representative of the SA I mechanoreceptors shifted from the control mean interval 
of 26.8ms (fig. 4.16A) to a longer mean interval o f 38.1ms after application of 
O.SmM ATP (fig. 4.16B). The ISI histogram then returns to a shorter mean 
interval upon removal of ATP (fig. 4.16C). 
0 
Increasing the concentration of ATP to I m M decreased the rate of firing further to 
about 45.2 士 7.40/0 (n=3) of the control level (fig. 4.17). Compared with the ISI 
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histogram during the control period (fig. 4.18A), the shape of the histogram 
changes dramatically during exposure to I m M ATP (fig. 4.18B) with the mean 
interval increasing from 34.1ms to 53.4ms. After removal of ATP, the normal 
shape of the ISI histogram returns (fig. 4.18C). Although ATP produced similar 
effects on both the SA I and St I mechanoreceptors, the onset of action was 
slightly delayed on the SA I mechanoreceptors in the skin in comparison to that on 
the St I mechanoreceptors of the sinus hair. 
The effects of ATP on the SA I mechanoreceptors of the skin are summarized in 
fig. 4.19 by comparing with the control responses. The mean percentage responses 
during exposure to ATP were expressed as the data points during the most 
suppressed state with reference to the control responses before the drug 
application. The suppressive effects of ATP have been shown to be significant on 
the mean responses of the SA I mechanoreceptors to standardized mechanical 
stimuli. 
b) The effect of adenosine on the response of SA I 
mechanoreceptors 
In order to examine whether the effects of ATP were mediated through itself or its 
metabolite adenosine by enzymatic degradation at the sites of action, the effect of 
adenosine was tested. Adenosine was applied as bolus to the receptive field of the 
SA I mechanoreceptor enclosed by the stainless steel ring. During the application 
of adenosine, superfusion was stopped temporarily for 20min and was re-started to 
remove the drug. The mean response of the SA I mechanoreceptors was expressed 
as the percentage of the control response during the last 5min (10 stimuli) before 
the application of adenosine. It was shown that exposing the receptors to 200|iM 
adenosine for 20min produced no significant change in the mean firing response of 
the SA I mechanoreceptors (n=2) to the standardized mechanical stimuli 
(fig. 4.20). 
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Fig. 4.15 
The effect of O.SmM ATP on the mean response of SA I mechanoreceptors (n=3) 
to standardized force stimuli lasting 5s (500ms ramps and 4s plateau phase) every 
30s. Each % impulses per stimulus is expressed as the % of the control response 
during the last 5min (10 stimuli) before drug addition. The unfilled bar at the 
bottom represents the exposure of the receptive field to O.SmM ATP. The filled 
bars labelled A, B and C adjacent to the curve represent the data points used for 
ISI histogram analysis. 
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Fig. 4.16A-C 
ISI histograms describing the data points labelled A, B and C from one set of 
experiment in fig. 4.15. A) ISI histogram during the control period of the 
experiment; B) ISI histogram during exposure to 0.5mM ATP; C) ISI histogram 
after the removal of ATP. Each ISI histogram represents 3 to 5 responses to the 
force stimuli. 
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Fig. 4.17 
The effect of I m M ATP on the mean response of SA I mechanoreceptors (n=3) to 
standardized force stimuli lasting 5s (500ms ramps and 4s plateau phase) every 
30s. Each % impulses per stimulus is expressed as the % of the control response 
during the last 5min (10 stimuli) before drug addition. The unfilled bar at the 
bottom represents the exposure of the receptive field to I m M ATP. The filled bars 
labelled A, B and C adjacent to the curve represent the data points used for ISI 
histogram analysis. 
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Fig. 4.18A-C 
ISI histograms describing the data points labelled A, B and C from one set of 
experiment in fig. 4.17. A) ISI histogram during the control period of the 
experiment; B) ISI histogram during exposure to I m M ATP; C) ISI histogram 
after the removal of ATP. Each ISI histogram represents 3 to 5 responses to the 
force stimuli. 
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Fig. 4.19 
Effects of 0.5 and I m M ATP on the mean response of SA I mechanoreceptors to 
standardized displacement stimuli lasting 5s (500ms ramps and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the control 
response during the last 5min (10 stimuli) before drug addition. Each error bar 
represents the + SEM of the mean response. * significantly different from the 
control before administration of ATP (P<0.05). 
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Fig. 4.20 
The effect of 200|iM adenosine on the mean response of SA I mechanoreceptors 
(n=2) to standardized force stimuli lasting 5s (500ms ramps and 4s plateau phase) 
every 30s. Each % impulses per stimulus is expressed as the % of the control 
response during the last 5min (10 stimuli) before drug addition. The unfilled bar at 
the bottom represents the exposure of the receptive field to 200j iM adenosine. 
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Section 3: Microfluorimetric studies of Merkel cells in the 
isolated sinus hair preparation 
a) Identification of Merkel cells 
Merkel cells were identified by their fluorescence after loading with quinacrine. 
The concentration of quinacrine used was 0 .5^M and the time of incubation was 
lOmin. As shown in picture 4.1，quinacrine-stained intact Merkel cells are 
elongated in shape and lie in parallel to each other. With some experience, the 
Merkel cells could also be recognised under bright view condition at x400 
magnification. Thus, staining with quinacrine was not routinely necessary. 
b) Loading with the Ca2+ fluorescent dye Fura-2/AM 
In order to obtain an optimal loading of fura-2, different concentrations of 
fura-2/AM were tested under different loading conditions described in detail in the 
methods. Concentrations ranging from 1 to 4 | iM were examined. The efficiency of 
loading at the various concentrations was indicated by the fluorescence intensity of 
the cells loaded with the dye. Conditions like the concentrations of DTT and 
collagenase used prior to loading with fura-2/AM as well as the temperature used 
during the loading process were also tested. The concentrations of the enzymes 
used were adjusted to Img/ml for DTT and 0.5mg/ml for collagenase for optimal 
loading of fura-2 and at the same time keeping the Merkel cells intact. The 
temperature during enzyme treatment, whether at room temperature or at 37°C, 
did not seem to significantly affect the permeability of Merkel cells to fura-2/AM. 
For this reason, the enzyme treatment procedure took place at room temperature 
and a concentration of 2\iM fura-2/AM was used. In addition, gentle shaking 
during incubation with fura-2/AM markedly facilitated the diffusion of the dye into 
the Merkel cells. Different time periods for incubation were tested and 45 to 60min 
produced similar efficiency in fura-2 loading. Finally, the preparation was incubated 
in normal SIF for 60min to allow the incompletely de-esterified forms of the 
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fura-2/AM to diffuse out of the cells. Only during this procedure was the 
temperature kept at 32。C. Picture 4.2 shows the fura-2 loaded Merkel cells viewed 
under a magnification power x400. Similar to the structural features labelled by the 
quinacrine fluorescence, the fura-2 loaded intact Merkel cells also showed 
elongated structures. 
The hair follicles were also stimulated mechanically by bending the hair. During the 
stimulation, action potentials could be recorded from the afferent nerve of the 
follicle. As shown in fig. 4.21, responses from the mechanoreceptors were 
obtained. Since the nerve was only desheathed but not teased into smaller bundles, 
combined responses from sinus hair type I and type I I mechanoreceptors were 
recorded. Success in recording action potentials therefore indicated the 
mechanoreceptor units were intact and responsive. 
c) Mechanical stimulation of Merkel cells 
Attempts were also made to stimulate individual Merkel cells mechanically to 
examine whether changes in the Ca!. signals could be elicited. Small groups of 
Merkel cells were pushed gently with fine glass pipettes ( lO^m diameter) and any 
Ca2+ change was monitored simultaneously. The results showed that only in few 
cases could increases in the Ca〗. signals be detected by mechanical stimulation of 
the Merkel cells. Fig. 4.22 shows that the increases in the Ca!. signals indicated by 
the ratios were not artifacts because the single wavelength counts deflect in 
opposite directions when the cells were stimulated. In summary, increases in the 
Ca2+ signals could not be consistently obtained. In many cases，the Ca^^  signals 
showed no change to mechanical stimulation of the Merkel cells. 




Picture showing quinacrine (O.S^M) labelled Merkel cells in the vibrissal hair 
follicle with the capsular layer removed. Magnification: x400. Dichroic 
mirror: DM455, excitation filter: EX400-440 and barrier filter: BA470. 
- 1 1 9 -
lOjim 
Picture 4.2 
Picture showing fura-2 loaded Merkel cells in the vibrissal hair follicle with the 
capsular layer removed. Magnification: x400. Dichroic mirror:DM510 and barrier 
filter: BA520. Excitation wavelength: 350nm 
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Fig. 4.21 
Spikes representing the action potentials recorded from the afferent nerve of a 
vibrissa! hair follicle in response to bending of the hair. The preparation was also 
used for the Ca^ ^ fluorimetric study. 
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Fig. 4.22 
The effect of mechanical stimulation of small groups of Merkel cells on the 
intracellular Ca^" levels indicated by the ratio and the single wavelength counts. 
The lower panel shows the single wavelength counts of the fura-2 fluorescence 
signals measured at excitation wavelengths 350 and 380nm and the upper panel 
shows the ratio between the two wavelength counts 350niTi/380nm. 
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d) The effect of ATP on intracellular Ca2+ concentration of 
Merkel cells 
At concentrations from 10|iM upward, application of ATP caused increases in the 
intracellular Ca^^ concentrations in Merkel cells. During application of the drug 
into the chamber, superfusion of the preparation was stopped temporarily and was 
re-started after the intracellular Ca^^ concentration indicated by the ratio values had 
returned to the original level. At a bath concentration of 5|iM or less, ATP did not 
produce any effect on the Ca�. level of the Merkel cells (n=6). On a fresh 
preparation, doubling the concentration to 10|iM produced detectable increases in 
the intracellular Ca2+ concentration (147.1 士 18.9o/o of 100% basal level, n=6) 
and a representative of the effect is shown in fig. 4.23. However, giving a second 
application of lO^M ATP within a period of 200s following the first application on 
the same preparation failed to elicit the same effect on the Ca"^ signals. Therefore, 
the various concentrations of ATP were applied only once on each preparation. By 
increasing the concentration to 50|iM, there was a further increase in the Ca^ ^ level 
of the Merkel cells (353.5 士 52.5% of basal Ca2+ level, n=6) and an example of the 
effect is shown in fig. 4.24. Similar to the results obtained at lO^iM, the increases 
in the Ca2+ concentration were transient even when the drug was not washed away 
immediately. At both concentrations, the time duration between the increase and 
return of the Ca^^ signals was always close to Imin. At a concentration of lOO i^M, 
ATP caused rises in the Ca^ ^ levels representing a mean increase of up to 
507.6 土 66.6% with reference to the 100% basal Ca'^ level (n=7) and an example 
of the responses is shown in fig. 4.25. Again, the responses were transient and had 
a duration of about Imin. ATP at a concentration of 0.5mM elicited a mean 
increase of approximately 6-fold of the basal intracellular Ca^^ concentration 
(634.7 士 107.8% of basal Ca^ ^ level, n=4) and an example of the response is shown 
in fig. 4.26. The extent of the Ca^^ increase began to saturate at ImM 
(638.8 士 111.90/0 of basal Ca2+ level, n=5) and results from one experiment is 
shown in fig. 4.27. The increases in the Ca2+ signals at 5mM (636.3 土 139.5% of 
basal Ca2+ level, n=5) were similar to those at ImM and a representative of the 
responses is shown in fig. 4.28. 
- 1 2 3 -
Although it has been shown that second applications of ATP failed to elicit the 
same change in the Ca'^ signals, using a higher dose of ATP relative to that used in 
the first application was capable of inducing a small rise in the Ca^ ^ signals. For 
example, second applications of 0.5mM ATP produced an increase in the 
intracellular Ca^ ^ concentration but the effect could not be reproduced following a 
second application with the same concentration of ATP (fig. 4.29). On the other 
hand, using lOO^M and 2mM as the concentrations for the first and second 
applications, the second application was capable of reproducing an increase in the 
intracellular Ca!. concentration (fig. 4.30). However, even using a higher 
concentration, the extent of the increase induced by the second application of ATP 
was smaller than that induced by the first application. The time periods between the 
first and second applications were then prolonged from 200s to 15 and 30mins and 
during the periods, the hair follicles were washed with normal SIF by superflision. 
At a concentration of lOO^iM, the extent of increases in Ca，". signals was 
completely reproducible in second applications of ATP when a 15min period was 
allowed to wash away the ATP applied in the first applications (n=2). Using higher 
concentrations like O.SmM of ATP, the washing time following the first 
applications had to be prolonged to 30min in order to obtain a same extent of Ca’-. 
rise in the second applications (n=2). 
A dose-response relationship of the effects of single applications of ATP is 
illustrated in fig. 4.31 where the Ca:. signals were plotted against the log of the 
ATP concentrations. Each data point represents the average of the values taken 
during the peaks of the transients with reference to the original Ca2+ concentrations 
before drug addition (=100%). Here, it can be seen that the Ca!. concentrations in 
Merkel cells increased in a dose-dependent manner in response to application of 
ATP. 
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Fig. 4.23 
The effect of lOjiM ATP on the intracellular Ca^^ concentration of Merkel cells 
indicated by the Ca]. fluorescent dye fura-2. The Ca!. signals were obtained from a 
small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.24 
The effect of 50^iM ATP on the intracellular C a � . concentration of Merkel cells 
indicated by the Ca�. fluorescent dye fura-2. The Ca^" signals were obtained from a 
small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.25 
The effect of lOO i^M ATP on the intracellular Ca^^ concentration of Merkel cells 
indicated by the Ca!. fluorescent dye fura-2. The Ca'. signals were obtained from a 
small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.26 
The effect of O.SmM ATP on the intracellular Ca^^ concentration of Merkel cells 
indicated by the Ca^ ^ fluorescent dye fura-2. The Ca2+ signals were obtained from a 
small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.27 
The effect of ImM ATP on the intracellular Ca:. concentration of Merkel cells 
indicated by the Ca^^ fluorescent dye fura-2. The Ca!. signals were obtained from a 
small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.28 
The effect of 5mM ATP on the intracellular Ca^" concentration of Merkel cells 
indicated by the Ca^^ fluorescent dye fUra-2. The Ca^^ signals were obtained from a 
small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.29 
The effects of two consecutive applications of O.SmM ATP on the intracellular 
Ca2+ concentrations of Merkel cells measured with the Ca^ ^ fluorescent dye fura-2. 
The upper panel shows the ratio of the fluorescence signals measured at excitation 
wavelengths 350 and 380nm and the lower panel indicates the intracellular Ca""" 
concentration calibrated from the ratio values. The Ca:. signals were obtained from 
a small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.30 
The effects of two consecutive applications of lOO^M and 2mM ATP on the 
intracellular Ca^ ^ concentrations of Merkel cells measured with the Ca-"" fluorescent 
dye fura-2. The upper panel shows the ratio of the fluorescence signals measured 
at excitation wavelengths 350 and 380nm and the lower panel indicates the 
intracellular Ca^" concentration calibrated from the ratio values. The Ca^ ^ signals 
were obtained from a small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.31 
Dose-response relationship representing the effects of ATP on the intracellular Ca2+ 
concentrations ofMerkel cells indicated by the Ca'^ fluorescent dye fura-2. Each 
data point represents the mean intracellular Ca:. concentrations 士 SEM with 
reference to the basal Ca'^ level (=100%). ( 4 < n > 7 f o r each concentration). 
- 1 3 3 -
Ca2+ free conditions 
In order to find out the origin of the increase in intracellular Ca2+ concentration, 
that is, whether it was released from intracellular stores or entering through the 
membrane from external medium, the effect of ATP was investigated in C a � . free 
solution. The preparation was superfused with Ca^^ free SIF for lOmin prior to 
application of ATP and the Ca^^ free condition was continued during addition of 
ATP. The medium was returned to normal SIF at the end of the run. 
Fig. 4.32 shows that in free condition, lOO^M ATP was still capable of 
eliciting an increase in the intracellular Ca'^ concentration (468.2 士 14.2% of basal 
Ca2+ level, n=5). Similar to the situation under the Ca^^ containing condition, the 
measured Ca2+ signals were transient with a duration of about Imin. Furthermore, 
second applications of ATP at lOO^iM 200s after the first applications on the same 
preparations were unable to elicit any effect. Therefore, individual hair follicles 
were exposed to only one application of ATP. As seen in normal Ca'. containing 
solution, increasing the concentration of ATP to O.SmM resulted in higher 
increases in the intracellular concentration (628.2 士 109.1% of basal Ca:— 
level, n=3) and a representative of the effect is shown in fig. 4.33. It could also be 
seen from the results that during exposure to Ca^^ SIF, the basal 
concentrations had decreased (51.9 士 4.3nM, n=8) in comparison to the basal 
concentrations in normal SIF (106.9 士 5.0nM, n=35). 
In fig. 4.34，the ATP induced increases in the Ca�— concentrations under control 
and Ca2+ free conditions were compared. The intracellular Ca^^ concentrations 
were calculated as the percentage of the level during the peaks of the transients 
with reference to the original Ca'. levels before drug addition. As illustrated in 
fig. 4.34，ATP at lOO^iM produced similar effects under the control condition 
containing l.SmM Ca^^ in comparison with the Ca^^ free condition. Consistently, 
the extent of the ATP induced increases in the Ca2+ signals did not change 
significantly in the control and Ca�. free conditions. 
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Pretreatment with B APT A/AM 
The effect of the Ca^^ chelator, BAPTA was also examined to see whether the 
increases in the Ca'^ signals could be suppressed by BAPTA. BAPTA/AM was 
used to allow the BAPTA form to enter the cells and to restrict the action of 
b a p t a inside the cells. The preparation was pre-incubated in BAPTA/AM 
(lOuM) solution for different time periods at 15 and 30min under normal and Ca^^ 
free conditions. Pre-incubating the preparation with BAPTA/AM for 15min in 
normal SIF did not affect the ATP (0.5mM) elicited Ca". response. 
Using a different hair follicle, the pre-incubation time was extended to 30min in 
Ca2+ free condition and during application of ATP, the superfusion medium was 
switched to normal SIF. Under this condition, BAPTA/AM had caused an 
attentuation in the ATP (0.5mM) induced increase in the intracellular Ca�. 
concentration (224.8 土 34.4o/o of basal level, n=3). The initiation in the ATP 
induced response was also delayed in comparison to the results obtained from 
untreated hair follicles. The latency of the initiation of the response had increased 
to 20s in the preparations treated with BAPTA/AM in comparison to the 10s time 
period in the untreated preparations. Moreover, the BAPTA/AM treatment had led 
to a decrease in the initial basal Ca". concentration (44.1±3.9nM，n=3) in 
comparison with the untreated control value (106.9 士 5.0nM, n=35) prior to drug 
applications. 
In the previous experiment, the superfusion medium was switched to normal SIF 
during the application of ATP. In another experiment, the superfusion medium 
continued to be Ca'^ free SIF during application of ATP. Apart from the change in 
the superfusion condition, the duration of the pre-incubation procedure with 
BAPTA/AM was the same 30min in C a � . free condition. Under such conditions, 
slight increases in the intracellular Ca�— concentration elicited by ATP could still be 
observed (243.8 士 26.7% of basal Ca^^ level, n=4) and an example of the response 
is shown in fig. 4.35. Again, the initial basal Ca^^ levels were lowered 
C22.8 士 4.1nM, n=4) after the pre-incubation with BAPTA/AM and exposed in 
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Ca2+ free SIF. In addition, the initiation of the ATP induced Ca'^ response was 
delayed to 20s following application of ATP. 
The ATP induced increases in the Ca2+ signals measured in the preparations that 
had been pre-incubated in BAPTA/AM were compared with those obtained in 
control conditions. In fig. 4.36, the mean intracellular Ca!— concentrations during 
the peaks of the transient increases in the Ca^^ signals were expressed as the 
percentage of the concentration measured during the last 10s before drug addition. 
As shown in fig. 4.36, the increases in the ATP elicited Ca"^ concentrations 
obtained from the preparations that had been pre-incubated with BAPTA/AM were 
significantly smaller than those of the control preparations which had not been 
treated with BAPTA/AM. On the other hand, the two sets of the BAPTA/AM 
treated preparations show no significant variations in the ATP induced increases in 
the Ca2+ signals under Ca^^ containing and Ca^^ free conditions. 
The effect of adenosine 
In order to examine whether the ATP elicited responses were due to ATP itself or 
its metabolites after enzymatic degradation at the sites of action. The effects of 
adenosine at concentrations ranging from 100 to 200^M were tested. The results 
showed that adenosine of up to 200^M did not produce any significant effect on 
the intracellular Ca'. concentrations of the Merkel cells (n=2). The lack of effect is 
represented by the ratio values in fig. 4.37. To ensure that some possible delayed 
responses were not overlooked, superfusion of the preparation during and 
following the application of adenosine was stopped for at least 100s before 
re-starting again. Even so, there was still no detectable change in the Ca^^ signals 
throughout the 100s period of exposure to adenosine. 
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ATP analogues 2-methylthioATP and a(3-meATP 
The effects of the ATP analogues 2-methythioATP and a,p-methylene ATP 
(ap-meATP) were also examined. 2-MethylthioATP and ap-meATP have high 
agonist potency actions on P^y and P^x purinoceptors respectively. The agonists 
were applied as bolus directly into the bathing medium and during the application, 
the superflision was stopped temporarily. 
The present results showed that 2-methylthioATP was capable of eliciting 
increases in the Ca'. signals. The increases were transient and had durations of 
about Imin from initiation of the increase to the return of the signal to the original 
basal level. The concentrations tested ranged from 20^M to ImM. At a 
concentration of 20^M, 2-methylthioATP elicited already clear effects and at 
SO^iM, application of 2-methylthioATP caused increases in the intracellular Ca’-+ 
concentration from the original level of 71.8 士 4.1nM up to 372.5 士 16.5nM (n=3) 
representing an approximate increase of 5-fold and a representative of the 
response is shown in fig. 4.38. The extent of the increase was greater than that of 
ATP at a same concentration of 50|iM (from basal Ca'. level of 96.1 士 6.6nM to 
271.0 士 36.5nM, n=6). However, second applications of 2-methylthioATP within 
200s following the first applications were unable to induce any effect on the Cr^ 
signals. 
On the other hand, the P^x purinoceptor agonist ap-meATP at a concentration of 
SO i^M produced no effect on the intracellular Ca'^ levels in the Merkel cells (n=3). 
Following the application of ap-meATP, the time period of exposing the hair 
follicle preparation to the drug was extended to 100s before the superflision was 
re-started to wash away the drug. Even so，there was no detectable change in the 
Ca2+ signals during the exposure to ap-meATP. The effect of up to 200\xM of 
ap-meATP was also examined (n=l). Again, there was no change in the Ca'^ 
signals following application of the drug. 
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In fig. 4.39, the effects ofSO^M ATP (353.5 士 52.5% of basal Ca'^ level，n=6) and 
the analogues 2-methylthioATP and ap-meATP on the signals were 
compared with reference to the dose-response curve of ATP. The mean 
intracellular Ca^^ concentrations were expressed as the percentage of the data 
points during the peaks of the transients with reference to the 10s control period 
before drug addition. For ap-meATP, the mean data points at 20s after application 
of the drug were calculated as percentage of the levels obtained during the 10s 
control period before the drug application. Compared with the dose-response 
curve, 2-methylthioATP was the most potent ATP analogue (519.1 士 23.0% of 
basal Ca2+ level, n=3) because at the same concentration it induced the greatest 
mean increase in the intracellular Ca'— concentration. In comparison, aP-meATP 
was the least potent drug. Even at 200^M, no significant increase in the 
intracellular Ca^^ could be observed. 
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Fig. 4.32 
The effect of 100|iM ATP on the intracellular Ca^ "" levels of Merkel cells in 
free condition. The upper panel shows the ratio of the fluorescence signals 
measured at excitation wavelengths 350 and 380nm and the lower panel indicates 
the intracellular Ca^^ concentration calibrated from the ratio values. The shaded bar 
on the top represents condition when the preparation was superfused in Ca'* free 
SIF. The Ca-^ signals were obtained from a small group of Merkel cells in one 
sinus hair preparation. 
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Fig. 4.33 
The effect ofO.SmM ATP on the Ca^" levels of Merkel cells in Ca'"" free condition. 
The upper panel shows the ratio of the fluorescence signals measured at excitation 
wavelengths 350 and 380nm and the lower panel indicates the intracellular Ca'" 
concentration calibrated from the ratio values. The shaded bar on the top 
represents condition when the preparation was superfused in Ca"^ free SIF. The 
Ca2+ signals were obtained from a small group of Merkel cells in one sinus hair 
preparation. 
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Fig. 4.34 
Comparing the effects of lOOyM (n=5) and 0.5mM (n=3) ATP on the mean 
intracellular Ca'. concentrations of Merkel cells under contro，l and Ca-+ free 
conditions The Ca'. signals are expressed as % intracellular C r " concentrations 
with respect to the original basal Ca'. levels (=100%) before drug addition. Each 
error represents the +SEM of the mean values. 
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Fig. 4.35 
The effect of pre-incubation with lO^iM BAPTA/AM for 30min on the C r ' 
response ofMerkel cells to application of ATP (0.5 mM) under C r " free condition. 
The upper panel shows the ratio of the fluorescence signals measured at excitation 
wavelengths 350 and 380nm and the lower panel indicates the intracellular Ca-+ 
concentration calibrated from the ratio values. The Ca'^ signals were obtained from 
a small group ofMerkel cells in one sinus hair preparation. 
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Fig. 4.36 
Effects of pre-incubation with BAPTA/AM (lO^M) for 30min on the mean Ca’:: 
responses of Merkel cells to O.SmM ATP under Ca:. containing (n=3) and Ca二 
free (n=4) conditions. The Ca^ ^ signals are expressed as % intracellular Ca-^  
concentrations with respect to the original basal Ca^" levels (=100%) before drug 
addition. Each error bar represents the +SEM of the mean value. * significantly 
different from the ATP (O.SmM) induced increase in the intracellular Ca'^ 
concentration under control condition (P<0.05). 
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Fig. 4.37 
The effect of 200^M adenosine on the ratio of the fura-2 fluorescence signals 
measured at excitation wavelengths 350 and 380nm. The ratio values were 
obtained from a small group ofMerkel cells in one sinus hair preparation. 
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Fig. 4.38 
The effect of SOjiM 2-methylthioATP on the intracellular Ca'^ levels of Merkel 
cells. The upper panel shows the ratio of the fura-2 fluorescence signals measured 
at excitation wavelengths 350 and 380nm and the lower panel indicates the 
intracellular Ca�. concentration calibrated from the ratio values. The Ca"^ signals 
were obtained from a small group of Merkel cells in one sinus hair preparation. 




(SOpM) ^ ^ 
600 -
I 500 J SMeATPi ^ ^ ^ / 
^ 400 - 才 
/ 6 ATP 
300 H Z 丄 
200 - / 
-,00 - / 令 ap-MeATP 
— 1 ‘ ‘ ‘ 
0 1 2 3 4 
log [ATP/ATP analogues] (log _ ) 
Fig. 4.39 , 
With reference to the dose-response curve of ATP obtained from fig. 4.31’ the 
effects of 2-methylthioATP (n=3), ATP (n=6) and a(3-meATP (n=3) at a same 
concentration of SO i^M on the intracellular concentration of Merkel cells are 
compared. The Ca"^ signals of individual drugs are expressed as�/�intracellular 
Ca'. concentrations with reference to the original basal Ca'. levels (=100%) before 
drug addition. Each error bar represents the 土 SEM of the mean value. 
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The effects of ATP antagonists 
The effects of the ATP antagonists suramin and reactive blue 2 were tested. 
Suramin is a non-selective blocker of the P! purinoceptors while reactive blue 2 
produces selective antagonistic effects on the P^y subtype. A preliminary study on 
the P^ Y purinoceptor antagonist PPADS effect was also carried out. 
Suramin (lOO^iM) was added to the superflision medium throughout the last lOmin 
before and during application of ATP. The superflision was stopped temporarily 
during the application and was re-started with normal SIF to wash away the drugs 
at the end of the run. The results showed that under those conditions, suramin was 
capable of severely reducing the effects of lOO i^M ATP (222.1 土 43 .O�/�of basal 
Ca2+ level, n二3) and an example of the effect is shown in fig. 4.40. The latency 
period between the application of ATP and the initiation of the ATP induced effect 
was also prolonged to Imin in comparison to the control of 20s under conditions 
devoid of suramin exposure. On a different preparation, the pre-incubation time 
with lOOiiM suramin was prolonged to 30min and the effect of O.SmM ATP was 
tested. Similarly, the ATP (O.SmM) induced increases in the Ca^ ^ signals were also 
suppressed by the treatment (326.0 士 33.0% of basal Ca2+ level, n=3) and a 
representative of the effect is shown fig. 4.41. The effects of suramin on the ATP 
induced responses are summarized in fig. 4.42. The mean Ca^ ^ concentrations were 
expressed as the percentage of the data points during the peaks of the ATP 
induced transients with reference to the 10s control values before the application of 
ATP. Under both pre-incubation conditions of 10 and 30min, suramin (lOOuM) 
was capable of significantly suppressing the increases in the concentrations 
induced by lOO i^M and O.SmM ATP in comparison to the control values 
507.6 士 66.60/0 (n=7) and 634.7 士 107.8% (n=4) obtained from hair follicles which 
had not been treated with suramin. Treatments with suramin (lOOuM) for 10 and 
30mins had also caused the basal Ca^" levels to decrease to 17.8 士 2.0nM (n=3) 
and 41.1 士 2.0nM (n=3) respectively compared with the untreated control level of 
106.9 士 5.0nM (n=35). 
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In comparison, the ？^y purinoceptor antagonist reactive blue 2 was less effective in 
blocking the ATP elicited increases in the Ca^^ signals. After pre-incubating with 
100|iM reactive blue 2 for 30min, the preparation was continued to be superfused 
with reactive blue 2 (lOOjiM) containing SIF during application of ATP. During 
ATP application, the superfusion was stopped temporarily until termination of the 
run and was re-started with normal SIF to wash away the drugs. ATP at a 
concentration of lOO^iM was capable of causing clear increases in the intracellular 
Ca2+ concentration from the original level of 866.5 士 6.7nM to 179.8 士 17.6nM 
(n=3) (fig. 4.43). The effects of reactive blue 2 were summarized in fig. 4.44. The 
mean intracellular Ca^^ concentrations were expressed as the percentage of the data 
points during the peaks of the ATP induced transients with reference to those 
during the last 10s before the application of ATP. In comparison to the control 
values ( 5 0 7 . 6 士 6 6 . 6 % ， n = 7 ) obtained from preparations which have not been 
treated with reactive blue 2, the mean percentage increase induced by ATP 
(lOO^iM) was significantly reduced in the presence of reactive blue 2 (348.5 士 
72.3%, n=3). 
Similarly, preliminary results showed that PPADS was less effective compared 
with suramin in reducing the effect of ATP. The preparation was pre-incubated 
with lOOjiM PPADS for 30min and the superfusion was continued until 
termination of the run. Under the condition, addition of lOO i^M ATP caused a 
slight increase in the intracellular Ca2+ concentration from about 50nM to lOOnM 
(n二 1). Increasing the concentration of ATP to 30.5mM produced a further increase 
in the intracellular Ca^ ^ concentrations (n=l). 
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Fig. 4.40 
The effect of pre-incubating with lOOjiM suramin for lOmin on the intracellular 
Ca2+ levels ofMerkel cells to application of ATP (lOO^iM) indicated by the ratio of 
the fura-2 fluorescence signals measured at excitation wavelengths 350 and 380nm, 
and emission wavelength 510nm. The Ca'^ signals were obtained from a small 
group of Merkel cells in one sinus hair preparation. The shaded bar at the top 
represents the superfusion of the preparation with suramin (100|iM). 
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Fig. 4.41 
The effect of pre-incubating with lOOfiM suramin for 30min on the intracellular 
Ca2+ levels ofMerkel cells to application of ATP (O.SmM). The upper panel shows 
the ratio of the fura-2 fluorescence signals measured at excitation wavelengths 350 
and 380nm and the lower panel indicates the intracellular Ca""" concentration 
calibrated from the ratio values. The Ca'^ signals were obtained from a small group 
ofMerkel cells in one sinus hair preparation. The shaded bar at the top represents 
the continual superfusion of the preparation with suramin (lOO^iM). 
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Fig. 4.42 
Comparing the effects of 100|aM and O.SmM ATP on the mean intracellular Ca'^ 
concentrations of Merkel cells under control and conditions pre-treated with 
lOO^M suramin for 10 (n=3) and 30min (n=3). The Ca^^ signals under each 
condition are expressed as % intracellular Ca'^ concentrations with reference to 
the original basal levels (=100%) before application of ATP. Each error bar 
represents the +SEM of each mean value. * significantly different from the effects 
of ATP at comparable concentrations under the control conditions without 
suramin. 
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The effect of superfusing with lOOJ,lM reactive blue '2 for 30min on the intracellular 
Ca2+ levels ofMerkel cells to application of ATP (lOOJ,lM). The upper panel shows 
the ratio of the fura-2 fluorescence signals measured at excitation wavelengths 350 
and 380nm and the lower panel indicates the intracellular Ca2+ concentration 
calibrated from the ratio values. The Ca2+ signals were obtained from a small group 
of Merkel cells in one sinus hair preparation. The shaded bar at the top represents 
the continuous superfusion of the preparation with reactive blue 2 (lOOJ,lM). 
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Comparing the effects of 100|iM ATP on the mean intracellular Ca' . 
concentration of Merkel cells under control and conditions pre-treated with 
lOO^iM reactive blue 2 (RB2) for 30min (n=3). The Ca^" signals under each 
condition are expressed as % intracellular Ca'^ concentrations with reference to 
the original basal Ca'^ levels (=100%) before application of ATP. The error bar 
represents the +SEM of the mean value. * significantly different from the effects 
of ATP at lOOfiM under control conditions without reactive blue 2. 
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e) Activation of Ca^ ^ channels 
The effects of various substances known to activate Ca�. channels were examined. 
The preparation was superfused with high extracellular concentrations of KCl to 
see whether depolarization of the cellular membrane could facilitate influx of 
calcium ions into the cells. The effect of the L-type Ca'^ channel activator,(-) 
BAYK8644, on the intracellular Ca!— levels ofMerkel cells was investigated. 
High KCl 
In order to investigate the effect of depolarization at the cell membrane, NaCl in 
the SIF was replaced by a comparable concentration of KCl to keep the osmolarity 
unchanged. 
The results showed that superfusion with 50mM KCl (98mM NaCl) produced no 
effect on the Ca". signals measured (n=5). The preparation was also superfused 
with up to lOOmM KCl (50mM NaCl) for 2mins. Again, none of the experiments 
showed any detectable change in the Ca'^ signals in the Merkel cells during the 
exposure to lOOmM KCl (n=20) and a representative of the results is indicated by 
the ratio values shown in fig. 4.45. There were however increases in the number of 
action potentials recorded from the nerve during the exposure to high KCl 
indicating the effective depolarization. 
(-)BAYK8644 
The effects of different concentrations of (-) BAYK8644 were examined. 
Concentrations at 30 and 50|iM were applied as bolus to the bathing medium and 
during the application procedure, superfusion of the peparation was stopped 
temporarily until termination of the run. 
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Neither at a concentration of 30^iM (n=4) nor at (n=7) did (-) BAYK8644 
produced significant effect on the Ca^^ levels of the Merkel cells as represented by 
the ratio values in fig. 4.46. Even though the drug was not washed away for at 
least 100s after the application, there was still no change in the Ca2+ signals. 
f) Effects of caffeine and thapsigargin 
Caffeine 
Different concentrations of caffeine were tested. Caffeine was applied as bolus 
directly into the bathing medium and during the application of the drug, 
superfusion was stopped temporarily until the end of the run. Concentrations at 1 
and 2mM were examined. 
The results showed that ImM of caffeine produced no effect (n=l) on the Ca^ ^ 
signals. Similarly, application of 2mM caffeine also produced no detectable change 
(n=3) in the Ca^^ levels of the Merkel cells and a representative of the results 
indicated by the ratio values is shown in fig. 4.47. Since the superfusion was not 
re-started to wash away caffeine until at least 100s following application of the 
drug, it could be assumed that no delayed effects of caffeine had been overlooked. 
Thapsigargin 
The effects of 1 to 8fiM of thapsigargin were investigated (n=24). Thapsigargin 
was applied as bolus into the bathing medium and during the application, 
superfusion of the preparation was stopped temporarily. At a concentration of 
down to l|aM, thapsigargin was capable of eliciting increases in the Ca2+ levels in 
the Merkel cells. The increases were however not consistent. Raising the 
concentration of thapsigargin produced more reproducible results. After the 
thapsigargin induced increases in the Ca^^ signals had returned to the original level, 
thapsigargin was washed away from the preparation chamber by re-starting the 
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superfusion. Control experiments were also carried out by applying the solvent of 
thapsigargin, DMSO, to test whether DMSO itself might produce an effect on the 
Ca2+ levels of the Merkel cells. 
It was shown that application of DMSO caused both of the single wavelength 
counts to increase and the effect has led to an artificial increase in the ratio values. 
DMSO was applied in a similar way as thapsigargin, that is, applied as bolus into 
the bathing medium and the superfusion of the preparation was stopped 
temporarily. A volume of lO^il DMSO was applied. This amount of DMSO would 
have been applied with lO^iM thapsigargin. As shown in fig. 4.48, the application 
of DMSO caused both of the single wavelength counts and simultaneously the 
ratio signals to increase. A second application on the same preparation resulted in 
almost the same increase in the ratio signal. Therefore, DMSO alone was capable 
of eliciting the artificial changes in the ratio signals which did not reflect changes in 
Ca2+. In contrast, in the presence of thapsigargin dissolved in DMSO, the ratio 
signals elicited by application o f 4 ^ M thapsigargin reflected actual increases in the 
intracellular Ca'^ concentration because the 380nm wavelength count decreased 
while the 350nm wavelength count increased (fig. 4.49). 
Application of 4\iU thapsigargin was also shown to be capable of blocking the 
Ca2+ responses of the Merkel cells to subsequent applications of ATP. The effect 
was demonstrated when thapsigargin (4^M) was applied as the first application 
while the superfusion remained stopped, ATP (ImM) was applied as the second 
application to the same hair follicle preparation about 2min after the first 
application of thapsigargin. Under this condition, the effect of ATP was completely 
abolished (n=3). Repeating the procedure on different preparations, at a higher 
concentration of 6|iM thapsigargin, the ATP (ImM) induced effect was also 
abolished as a second application following the first application of thapsigargin 
(n=3) and a representative of the effects is shown in fig. 4.50A. On the other hand’ 
it was demonstrated that by switching the ATP application as the first application 
and thapsigargin as the second application on the same preparation, ATP did not 
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block the effect of thapsigargin (n=3) and a representative of the results is shown ‘ 
in fie 4 50B “ � “ ng. H.DVD. 
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Fig. 4.45 
The effect of superfusing with lOOmM KCI (replacing NaCl) on the the 
intracellular Ca^^ levels of Merkel cells as indicated by the ratio of the fura-2 
fluorescence signals measured at excitation wavelengths 350 and 380nm, and 
emission wavelength 510nm. The ratio values were obtained from a small group 
ofMerkel cells in one sinus hair preparation. 
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Fig. 4.46 
The effect of 50|iM (-) BAYK8644 on the the intracellular Ca'^ levels ofMerkel 
cells indicated by the ratio of the fura-2 fluorescence signals measured at excitation 
wavelengths 350 and 380nm, and emission wavelength 510nm. The ratio values 
were obtained from a small group ofMerkel cells in one sinus hair preparation. 
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Fig. 4.47 
The effect of 2mM caffeine on the the intracellular levels of Merkel cells 
indicated by the ratio of the fura-2 fluorescence signals measured at excitation 
wavelengths 350 and 380nm, and emission wavelength SlOnm. The ratio values 
were obtained from a small group of Merkel cells in one sinus hair preparation. 
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Fig. 4.48 
The effects of two applicatons of lO^iL DMSO on the the intracellular levels 
ofMerkel cells indicated by the ratio and the single wavelength counts. The lower 
panel shows the single wavelength counts of the fura-2 fluorescence signals 
measured at excitation wavelengths 350 and 380nm and the upper panel shows the 
ratio between the two wavelength counts 350nm/380nm. The data were obtained 
from a small group ofMerkel cells in one sinus hair preparation. 
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Fig. 4.49 
The effect of 4[iM thapsigargin on the the intracellular Ca'. levels ofMerkel cells 
indicated by the ratio and the single wavelength counts. The lower panel shows the 
single wavelength counts of the fura-2 fluorescence signals measured at excitation 
wavelengths 350 and 380nm and the upper panel shows the ratio between the two 
wavelength counts 350nm/380nm. The data were obtained from a small group of 
Merkel cells in one sinus hair preparation. 
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Fig. 4.50A & B 
The effects of changing the order of application of thapsigargin and ATP on the 
intracellular Ca:. concentrations of Merkel cells: A) Application of 6\iU 
thapsigargin before ImM ATP, B) Application of SOyM ATP before 6\iU 
thapsigargin. 
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Chapter 5: DISCUSSION 
Section 1: Accessibility of Merkel cells for direct 
measurements 
Previous studies in several laboratories (Pacitti & Findlater, 1988; Baumann et al , 
1993) indicated that Ca!. currents are involved in the mechano-electric 
transduction process in slowly adapting type I (SA I) mechanoreceptors. Thus, the 
aim of the present study was to measure the intracellular Ca^^ concentration of 
Merkel cells during mechanical stimulation and under the influence of various 
substances likely to affect the intracellular Ca'^ concentration. This type of studies 
has not been carried out previously as Merkel cells of SA I mechanoreceptors are 
virtually inaccessible for direct observation. 
In the present study, an intact, functioning and accessible preparation for the 
purpose of investigating the intracellular concentration of Merkel cells using 
microfluorimetric techniques was developed for the first time. This preparation of 
an isolated vibrissal hair follicle has proven well-suited for such studies. In another 
set of experiments carried out in parallel in our laboratory, it had been shown that 
sinus hair mechanoreceptors maintained stable electrophysiological responses in 
this isolated preparation for many hours (Baumann et al., 1994). Electron 
microscopic examination of Merkel cells from this preparation after 4 hours of 
repetitive stimulation did not show any morphological difference from those of a 
freshly dissected sinus hair (Senok et al.，1994). 
Microfluorimetric measurement of intracellular Ca2+ 
The microfluorimetric studies were carried out on an inverted microscope. Merkel 
cells could be easily observed with the appropriate magnification through the 
transparent glassy membrane after opening the capsule and removing the blood 
sinus. A method had to be devised to fix the hair follicle on the coverslip so that 
mechanical stimulation did not cause motion artifacts or other interference with the 
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microfluorimetric measurement of intracellular Ca2+ in Merkel cells. However, the 
adhesion power of substances like lysine was not strong enough to keep the thick 
tissue firmly in place during bending of the hair for mechanical stimulation. 
Therefore, thin stripes of adhesive tape had to be used by adhering the hair at 
about 5mm from where the Merkel cells were located. In order to observe the 
possible production of artifacts due to the movement of the tissue preparation and 
addition of drugs, a video camera was installed for simultaneous monitoring of the 
preparation while the fluorescence signals were being measured. To avoid 
interrupting the measuring process, a red-filter was installed so that simultaneous 
illumination and monitoring of the tissue preparation could be done using a much 
longer wavelength red light without affecting the measurement of the fluorescence 
signals. The use of fura-2 had a definite advantage because changes in the absolute 
fluorescence intensity due to artifacts would not affect the ratio values for the 
indication of Ca^ ^ changes. 
Bending of the hair caused consistent firing of the mechanoreceptors. Although no 
detailed analysis of the interspike interval histograms was made during the 
microfluorimetric measurements to differentiate the type of mechanoreceptors 
involved, the firing patterns recorded indicated that both sinus hair type I (St I) and 
type II (St II) mechanoreceptors were functioning in this preparation. This shows 
that the enzymatic treatment and loading with fura-2 did not have any adverse 
effect on the function of either type of mechanoreceptor. The testing of the intact 
functioning of the mechanoreceptors by simply raising the nerve briefly out of the 
saline solution proved to be a very convenient method without the need to use 
liquid paraffin, provided this was only done for short periods of time without 
drying the nerve. 
Considerable amount of trials had been carried out to achieve optimal loading of 
the Merkel cells with fura-2. First of all, unlike cultured cells which are more 
accessible and commonly used in most other microfluorimetric studies, the hair 
follicle is a very thick preparation and hence has a greater barrier for the diffusion 
of fura-2. Therefore，the preparation had to be shaken during incubation with 
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fura-2 and the incubation time had to be lengthened to Ihr. The likely problem was 
accumulation of the dye in organelles like mitochondria which could affect the 
accurate measurement of C a � . responses in the cytosol (Duchen，1989). The 
uptake of dyes into organelles is temperature dependent. In addition, due to the 
hydrophobic nature of the ester form of the dye, it can bind to the cellular 
membrane forming micelles (Duchen, 1989). The formation of micelles triggers 
phagocytosis and leads to accumulation in the lysosomal vesicles by endocytosis. 
De-esterification of the dye will then lead to an unwanted high fluorescence signal 
due to the high Ca^^ content in the vesicles. Again，the process of endocytosis can 
be slowed down in lower temperatures. Therefore, the loading procedure of fura-2 
in the present experiments was carried out at room temperature in order to prevent 
the accumulation of the dye in organelles and to slow down the unwanted process 
of endocytosis resulting from the formation of micelles. The above loading 
procedure would be expected to increase the signal to noise ratio of the 
fluorescence in the Merkel cells. 
Problems with a low signal to noise ratio could also be minimized by choosing 
small groups (3 to 5) of well-loaded Merkel cells located closely together. Another 
possible problem with cellular autofluorescence was the possible contribution by 
mitochondrial NADH (reviewed by Roe et al., 1990; Duchen, 1989). 
Mitochondrial NADH produces autofluorescence when excited by UV of 
wavelengths from 340 to 360nm. The autofluorescence has an emission peak of 
450nm. Therefore measurement of the fura-2 emitted fluorescence signals of 
wavelength 520nm is very likely to include some of the autofluorescence of NADH 
of the mitochondria. This autofluorescence could be detected in unloaded cells 
devoid of fura-2. 
Besides the contribution of the cellular component, autofluorescence from a 
background component (Duchen, 1989) was also taken into consideration and was 
subtracted during the measurement of the fluorescence signals. Background 
autofluorescence can come from the microscopical tools and can be detected 
without the cells. In addition, the background autofluorescence can also be due to 
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the presence of incompletely de-esterified forms of the fluorescent dye which are 
fluorescent but are unable to bind to Ca�—.This may be due to the low level of 
cytosolic esterase in some cells. Impurities in the ester form of the dye may also 
affect the accuracy of the measurements. Therefore, in order to minimize the 
occurrence of incomplete de-esterification, the hair follicles were incubated at 32�C 
after loading with fura-2 to facilitate the hydrolysis of the dye as well as allowing 
the ester forms to diffuse out of the cells. Mn^Cl was consistently added at 
termination of the experiments to indicate residual autofluorescence due to 
non-cytosolic sequestration of the dye (Roe et al., 1990). Autofluorescence from 
the coverslip was also measured in the absence of the hair follicle and was 
subtracted from the total fluorescence signal. Therefore, any deductible noise was 
measured to obtain a signal as pure as possible. 
In early experiments, mild bleaching of fura-2 occurred during the measuring of the 
fluorescence signals and this was indicated by a steady decrease of both the ratios 
and the single wavelength counts. The problem was counteracted by replacing the 
ND2 filter with a more powerful ND16 filter. The resulting intensity of the UV 
light was greatly reduced and the bleaching effect was abolished. 
Excitation wavelengths of 350 and 380nm were used instead of 340 and 380nm for 
the excitation of fura-2 (Tsien et al., 1985). According to Uto et al. (1991)，there is 
an instrumental variation in the excitation spectra for fura-2. Uto et al. showed that 
the. excitation spectra in a microscopical set-up differed from that of a cuvette in 
which the emitted fluorescence has a peak intensity at 350nm rather than 340nm. 
Since the present experiments were carried out on an inverted microscope, the 
excitation wavelength 350nm was used. On the other hand, no variation in the 
excitation spectra at 380nm was reported between the two set-ups. 
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Section 2: Electrophysiological studies on St I and SA I 
mechanoreceptors 
Standard electrophysiological methods were applied to investigate the effects of 
the various drugs on the receptor responses in order to correlate those with the 
effects on the intracellular Ca:— concentration observed in the microfluorimetric 
studies. Two preparations were used for the present purpose, they were the 
skin-nerve in vitro preparation and the isolated sinus hair preparation. The 
skin-nerve in vitro preparation had been shown to be a reliable preparation for 
studies on SA I mechanoreceptors in the skin. This is supported by previous 
studies showing that the responses of the SA I mechanoreceptors stayed at a 
steady level over a period of 5hrs of control superfusion (Baumann & Tsu，1990). 
The duration of the mechanical stimuli applied every 30s had been lengthened in 
the present experiments to 5s instead of 2.2s used in the previous studies, but the 
responses of the SA I mechanoreceptors remained stable for several hours. 
Lengthening the duration of the mechanical stimuli had an advantage of providing 
more information concerning the adaptation pattern of the receptor unit under 
investigation. Application of drugs into the receptive field area enclosed by a 
stainless steel ring provided a definite advantage in shortening the time for the 
drugs to reach the site at the intended concentration as well as securing fast 
removal of the drugs when required. The superfusion fluid enclosed in the ring was 
0.4ml, similar to the volume of the perfusion chamber used in the microfluorimetric 
studies. 
For better comparison with the microfluorimetric studies on the hair follicles, an 
isolated sinus hair preparation for electrophysiological studies was also developed. 
The presents results had shown that it was possible to differentiate responses from 
the St I and St II mechanoreceptors in the sinus hair follicle based on observations 
of their specific firing pattern by Gottschaldt et al. (1973) from cat sinus hairs in 
situ. In agreement with Gottschaldfs description, the slowly adapting 
mechanoreceptors of the sinus hair can be classified into St I and St II according to 
their ISI histograms. Bending of the hair was achieved by giving every 30s a 
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feedback controlled displacement stimulus lasting 5s. The firing rates of the 
mechanoreceptors had been shown to stay at a steady level for at least 4hrs of 
control superfusion (Baumann et al, 1994). Thus, the isolated sinus hair 
preparation used in the present experiments provided a good supplement to the 
isolated skin-nerve preparation for studying Merkel cell receptors. 
The stimulus-response relationships of the St I and St II mechanoreceptors of the 
sinus hair follicles were assessed in order to find an optimal bending of the hair. 
The results showed that bending of the hair about 15mm above the bulb with a 
displacement of 1.5mm produced sub-maximal responses of the mechanoreceptors. 
Drugs were either applied by superfusion or directly into the recording chamber 
where the hair follicle was located. Direct application of the drugs had an 
advantage of allowing the drug to reach the receptor site at the desired 
concentration within a short time. The recording chamber had a fluid volume of 
about 2.5ml and hence it could be expected that by superflising the preparation 
with the drug solution a longer time would be required for the drug to reach the 
equilibrium concentration at the site of action compared with that of the 
microfluorimetric preparation. 
Section 3: Changes in intracellular Ca�. concentration in 
Merkel cells during mechanical and chemical stimulation 
a) Mechanical stimulation ofMerkel cells 
Direct stimulation of small groups ofMerkel cells was carried out while measuring 
the intracellular Ca2+ in these cells. However, the results were inconsistent. Only 
occasionally were increases in the intracellular Ca2+ concentration in response to 
pushing against the Merkel cells with fine glass pipettes observed. The thickness of 
the hair follicle caused a certain degree of difficulties for the precise application of 
mechanical stimuli to a small number ofMerkel cells. The location of the Merkel 
cells where Ca]. levels could be monitored was by design always at the bottom of 
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the chamber while the pipettes approached the preparation from the top. In 
consequence, the mechanical stimulation had to penetrate several tissue layers. 
Therefore, the pipettes had to be tilted at an angle in order to reach the Merkel 
cells. On the other hand mechanical stimuli had to be applied cautiously without 
the risk of moving the Merkel cells out of the measuring window of the 
fluorimetric system. Thus, direction and force of the mechanical stimuli were 
difficult to control precisely in these experiments and this may have contributed in 
part to the inconsistent results obtained. 
Attempts to stimulate individual Merkel cells were also made by Yamashita et al. 
(1992). In their experiments, small pressure pulses of perfusion fluid were applied 
to single isolated Merkel cells during patch-damp measurements. However, they 
were unable to record any mechanically gated currents in response to these 
mechanical stimuli. The authors suggested that a distortion in the shape of the 
Merkel cells after dissociation with loss of the finger like processes - always seen in 
intact Merkel cell receptors - may have resulted in the loss of the 
mechanosensitivity of these Merkel cells. 
As mentioned above, similar functional properties had been suggested for Merkel 
cells and hair cells in the inner ear. Influx of Ca'. into hair cells as part of the 
mechano-electric transduction process was established by Corey & Hudspeth 
(1979). However, microfluorimetric measurements of Ca^^ concentrations in 
Merkel cells showed contradictory findings in terms of intracellular Ca'^ increases 
(Ohmori, 1988; Jaramillo & Hudspeth，1991). A recent report by Chabbert et al. 
(1994) suggested that the increase in Ca2+ concentration in hair cells is restricted to 
a small part of the cells and of very short duration. Thus, it could only be reliably 
detected by employing specially designed Fast Fluorescence Photometry (FFP). A 
microfluorimetric system like the one used in the present experiments may easily 
miss to detect such localized and fast changes. 
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b) ATP increased Ca^ ^ concentrations in Merkel cells 
External application of ATP caused dose dependent increases in the Ca^^ signals of 
Merkel cells. The effects could only be elicited by direct application of ATP into 
the bathing medium and no effects were observed by superfusion. Failure in 
evoking effects by superfusion of ATP had also been reported in other tissue 
preparations (Edwards et al., 1992). It was suggested that prolonging the exposure 
time of the tissue to ATP by superfusion could result in marked hydrolysis of ATP, 
in turn, leading to failure in inducing ATP-dependent responses. Therefore, 
different methods of applying ATP could produce different results. Apparently, 
shortening the time for ATP to reach the site of action by direct application would 
attenuate the extent of the hydrolysis. However, the metabolites produced by the 
hydrolysis could still contribute to some of the ATP effects. Details concerning the 
possible contributions of the metabolites will be discussed later. 
At lOuM and above, ATP elicited increases in the fluorescence ratio signals. The 
ratios clearly reflect an increase in the intracellular Ca". concentrations because the 
single wavelength counts responded toward different directions. Although the 
present results suggest that lO^iM was the lowest effective concentration of ATP 
to elicit an increase in the signal, the actual effective concentration at the 
Merkel cell surface might be much lower than lO^M. The hair follicle is a thick 
preparation and a significant part of the ATP may have been hydrolysed before 
reaching the Merkel cells at the bottom of the bathing chamber where fluorescence 
could be observed. 
The present results on the Merkel cells are similar to those obtained from the 
isolated outer hair cells where ATP also elicited increases in the intracellular Ca:. 
concentration measured by fura-2 (Ashmore & Ohmori，1990). However, the 
effects of ATP on the two systems were not entirely identical. Ashmore & Ohmori 
(1990) demonstrated that there were two kinetically distinct components of the 
ATP induced increases in Ca:— in the hair cells. The fast component disappeared 
while the slow component remained by exposing to Ca^^ free medium. In contrast, 
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the present results have indicated only one component of Ca^^ rise in the Merkel 
cells after application of ATP and the kinetics of the rise were not affected by 
exposure to Ca^^ free SIF. It could however be possible, that the fast component 
was missed during the measurement of the Ca2+ signals in the Merkel cells. It was 
because even in the hair cells, the authors reported the appearance of both the fast 
and slow components only in localized areas (apical region) while in other areas 
like the middle and basal regions, only the slow component could be recorded 
(Ashmore & Ohmori，1990). Since the present experimental set-up was only 
capable of measuring the summed Ca^^ signals from a group of Merkel cells, any 
possible occurrence of localized changes could not have been detected here. 
Nevertheless, the positive effects of ATP on the intracellular Ca'^ concentrations in 
the hair cells and the Merkel cells have supported in part the hypothesis of an 
analogy between the two cellular systems. 
c) Effects of ATP on responses of type I and II 
mechanoreceptors 
ATP suppressed St I and SA I mechanoreceptor responses to 
mechanical stimuli 
ATP was applied directly to the superfusing medium and the results show that the 
responses of both St I and SA I mechanoreceptors in the respective preparations 
were suppressed by 0.5 and ImM ATP. Lower concentrations had also been used 
but the effects were less consistent. The difference in the concentrations of ATP 
required to achieve comparable results to those obtained in the microfluorimetric 
study was probably due to differences in diffusion in the two types of preparation 
used. The hair follicles used for the microfluorimetric study had been treated with 
enzymes in order to improve the permeability of the preparation to fura-2. Thus, it 
is likely that also other drugs could diffuse better in this preparation. Furthermore, 
the superfusion chamber used for the microfluorimetric study had a smaller volume 
(0.5ml) than that of the recording chamber (2.5ml) used for the 
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electrophysiological recordings. Therefore, the smaller volume would certainly 
allow a much shorter time for the drugs to reach a steady concentration at the site 
of action and hence would attenuate the extent of hydrolysis of ATP (Burnstock & 
Kennedy, 1985). 
In the isolated skin-nerve preparation, the skin was placed inside-out. Thus, the 
corium layer faced the superflising fluid. In this preparation, ATP had to diffuse 
across the thick chorium layer in order to reach the Merkel cells and again 
substantial hydrolysis of the drug would be expected (Burnstock & Kennedy， 
1985). 
ATP had no effect on responses of St II mechanoreceptors to 
mechanical stimuli 
At concentrations ofO.SmM and ImM, ATP produced no significant effects on the 
firing response of the St II mechanoreceptors to displacement stimuli. The lack of 
effect is unlikely to be due to low concentrations of ATP since at the same 
conditions on a same isolated hair follicle preparation, both O.SmM and ImM ATP 
produced effects on St I mechanoreceptors. The present results therefore show 
that at comparable conditions, ATP produced only effects on receptor responses of 
St I but not St II mechanoreceptors. 
Considering the different effects of ATP on the two types of mechanoreceptors, it 
can be assumed that ATP was acting on a site in the St I mechanoreceptors which 
. is absent in the St II mechanoreceptors. In turn, it can be suggested that the site of 
ATP action might be the Merkel cells. This suggestion is in line with the observed 
effects of ATP on the intracellular Ca^^ concentrations in Merkel cells. 
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d) Mediation of ATP effect 
Adenosine had no effect on intracellular Ca'^  levels and 
responses of SA I mechanoreceptors 
The metabolites resulting from enzymatic breakdown of ATP are known to be 
adenosine 5,-diphosphate (ADP), adenosine 5'-monophosphate (AMP) and 
adenosine; and their contributory effects have been postulated in various tissues 
(Burnstock & Kennedy，1985; Salter & Hicks，1994). For example, the metabolite 
adenosine has been demonstrated to be the major mediator of the ATP induced 
response by acting on Pi-purinoceptors of the atrium and ileum (Moody et al , 
1984). Therefore, in order to examine to which extent hydrolysis of ATP might 
have an influence on the results obtained, the effect of adenosine on intracellular 
Ca2+ concentrations and receptor responses was examined. At a concentration of 
200|iM adenosine had neither an effect on the Ca'^ signals measured with the 
microfluorimetric technique nor on the responses of the SA I mechanoreceptors to 
mechanical stimuli. Therefore, ATP is unlikely to mediate its effects through the 
metabolite adenosine. The results also allow to discard the possibility of ATP 
exerting its effect via P, purinoceptors where adenosine is known to exert a potent 
agonistic effect (Moody et al., 1984). 
However，other metabolites like ADP and AMP might have contributed to the 
ATP induced effects. It has been shown that ADP and AMP are capable of 
inhibiting the effect of ATP (Krishtal et al., 1988; McMillian et al., 1993). 
Although the effects of ADP and AMP were not studied in the present 
experiments, their contributions to the ATP induced responses were probably 
minor because the non-hydrolysable ATP analogue 2-methylthioATP produced a 
similar pattern ofCa^"" rise compared with that induced by ATP itself. 
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Identification of the purinoceptor mediating the ATP effects 
The possibility of the involvement of the two major types of purinoceptors was 
examined. As mentioned in the previous chapter it can be excluded that ATP acted 
through Pi purinoceptors for the results of this study. Therefore, the other possible 
type of purinoceptor would be the P^ type. The ATP analogue 2-methylthioATP 
preferentially acting on P^y purinoceptors was shown to produce an increase in the 
Ca2+ signals in the Merkel cells, but the analogue ap-methyleneATP (aP-meATP) 
preferentially acting on P^x purinoceptors produced no effect even at 200|iM. 
Thus, the results strongly suggest that ATP exerts its effect through P^y 
purinoceptor on Merkel cells. 
The next approach was to test the effects of the purinoceptor antagonists. The 
antagonist suramin is known to block non-selectively P. purinoceptors. The 
reduction in the ATP effect confirmed the contribution of P2 purinoceptors. The 
effects of more selective antagonists were also examined. Reactive blue 2 and 
PPADS are selective P^y purinoceptor antagonists. The results showed a partial 
antagonistic effects on the ATP induced increases in the Ca'— signals. A possible 
explanation for the incomplete antagonistic effects of the various blockers is the 
low concentrations of the drugs being used in the present experiments. 
Combining that 2-methylthioATP acting preferentially on P^y purinoceptors was 
more effective in increasing intracellular Ca'^ in Merkel cells than ATP and the 
observed antagonistic effects ofP^y purinoceptor blockers, these findings support 
the assumption that ATP acts via P2Y purinoceptors on the surface of Merkel cells. 
However, a possible contribution of other subtypes of the P! purinoceptors which 
do not adopt the characteristics of the P^x and Pjy purinoceptors like the P2T 
(Gordon, 1986) and Pjz (Cockroft & Gomperts, 1980) subtypes cannot be 
excluded from the present results. 
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e) Origin of the ATP induced increases in intracellular Ca^ ^ 
in Merkel cells 
Ca2+ free condition had no effect on the ATP induced 
responses 
The source of the C a � . increase elicited by ATP was investigated by exposing the 
hair follicle to a Ca:. free medium. The preparation was superfused with C a � . free 
SIF for at least lOmin before proceeding with the experiments applying ATP. 
Under these conditions, ATP was still capable of eliciting increases in the 
intracellular Ca'— concentration ofMerkel cells. The results therefore suggest that 
calcium ions were mainly released from intracellular stores rather than entering 
through the cell membrane from the extracellular fluid. In fact, the contribution of 
external calcium ions seems to be very small. The calibrated ATP induced increases 
in the Ca2+ concentrations during the Ca'^ free conditions showed less than 5% 
variation from those of the control in normal SIF. Therefore, the increases in the 
Ca2+ concentrations were most likely to a large extent due to release from the 
intracellular stores. However, comparing the basal levels during Ca'^ free 
conditions with those in the presence ofCa'^ (1.5mM) in the external medium, they 
decreased to only about half of the normal basal Ca!. levels. This indicates the 
presence of a pathway in the cell membrane of the Merkel cells which allows the 
movement of Ca^ "" between the external and intracellular media. It can also explain 
the replenishment of intracellular Ca:. by an influx of external Ca:. after the ATP 
induced increase in Ca�— and depletion of the stores. In addition, the pathway may 
involve both Ca�. and other cationic channels (Illes & N6renberg，1993). 
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Incubation with BAPTA/AM suppressed the ATP induced 
effects 
The AM form of BAPTA allows BAPTA to diffuse into the cells and chelate 
intracellular Ca'^ . In the present study, incubation with lO^iM BAPTA/AM for 
ISmin produced no effect on the ATP induced increases in the Ca^ ^ signals. The 
incubation time was then increased to 30min in Ca^^ free SIF resulting in the 
suppression of the ATP effect. Thus, the ATP induced increase in intracellular Ca'^ 
could be reduced by buffering of the Ca'^ with BAPTA. The increase in the Ca'^ 
concentration remained even in Ca'. free SIF and the extent of the increase was 
close to that observed with Ca'^ in the external solution providing further evidence 
for the release of Ca^^ from intracellular stores. 
It could be expected from the results that if the incubation time with BAPTA/AM 
had been further prolonged, the ATP induced increases in the signals would 
be more completely blocked because of enhanced buffering of intracellular calcium 
ions by BAPTA. Muallem et al. (1990) had used higher concentrations of 
BAPTA/AM (SO^iM for 15 min) for complete buffering of intracellular calcium 
ions. BAPTA/AM had to be dissolved in DMSO and this solvent had produced 
artifacts in the fluorimetric measurements mimicking changes in the intracellular 
Ca2+ of Merkel cells. Therefore, higher concentrations of BAPTA/AM were not 
used in the present experiments. 
Loading the Merkel cells with BAPTA also caused a slight delay in the initiation of 
the ATP induced Ca'^ increase. This could be expected because the initial increase 
in the cytosolic Ca'^ is likely to be buffered by BAPTA which has a higher affinity 
for Ca2+ (dissociation constant 二 107nM) (Tsien, 1980) than its derivative fura-2 
(dissociation constant : 173nM) (Lattanzio et al, 1990). Thus, until the 
intracellular Ca2+ has reached a higher concentration beyond the buffering 
capability of BAPTA, it would not react with fura-2 in order to be measurable as 
Ca2+ signal. Therefore, a delay in the ATP response was observed. In summary, the 
results provide evidence that the ATP induced changes in the Ca2+ signals are not 
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artifacts but reflect real increases in the intracellular Ca^^ concentrations that could 
be buffered by BAPTA. 
f) Lack of voltage-sensitive Ca�. channels in the Merkel cells 
The possible contribution from voltage-sensitive Ca^^ channels was tested by 
exposure to high KCl medium. The fact that no increase in intracellular Ca'^ levels 
of Merkel cells could be observed after application of KCl in concentrations up to 
ISOmM suggests that Merkel cells do not have voltage-sensitive Ca^^ channels. 
There can be no doubt that at such high extracellular concentrations, KCl 
effectively depolarized the cell membranes which could be seen by the intense 
firing of action potentials in the afferent nerve. Thus, voltage-sensitive Ca^ ^ 
channels should have been activated. The possibility that channels might exist 
in the Merkel cells with unusually high activation potentials requiring positive 
membrane potentials cannot be excluded. The results obtained from patch-clamp 
studies on isolated Merkel cells (Yamashita et al.，1992) showed that stepping 
from a holding potential of -80mV to a test potential of -20mV was required to 
evoke an inward Ca!. current. A maximum Ca:. current appeared at a potential of 
around +10mV. However, when the Merkel cells were exposed to ISOmM KCl, 
their membrane resting potential should have been close to OmV. This should have 
been sufficient to elicit at least some Ca'. influx through the channels described by 
Yamashita et aL(1992). 
The present results show that neither the L-type Ca". channel blocker (+) 
BAYK8644 nor the activator (-) BAYK8644 produced any change in responses of 
St I mechanoreceptors to standard displacement stimuli. These were tested in 
concentrations of 5 to \0\iM. Higher concentrations were not tested in the present 
study because lO^iM had been shown to be sufficient to affect L-type Ca�. channels 
(Kostyuk, 1992). Since in the present preparation the entire hair follicle and the 
nerve were exposed to the drug solution, high concentrations of the drug could 
also affect the nerve conduction (Chang et al , 1989) leading to false interpretation. 
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The N-type Ca'^ channel blocker co-conotoxin (co-CgTX) (lO^M) also produced 
no effect on the responses of St I mechanoreceptors. 
For the microfluorimetric measurements higher concentrations (50^M) could be 
tested without risking such side effects. It is unlikely that the concentration was 
too low to elicit an effect since 50|iM is at least 200 times the threshold 
concentration known to be capable of activating L-type Ca'^ channels (reviewed by 
Kostyuk, 1992). However, no significant changes in intracellular Ca^^ 
concentrations ofMerkel cells could be observed. 
In summary, the ineffectiveness of the various Ca". channel blockers tested 
suggests that L- and N- type Ca�. channels are not likely to be involved in the 
normal function of St I mechanoreceptors. The results therefore agree with 
previous results on the SA I mechanoreceptors where 10|iM of the L-type Ca2+ 
channel blocker verapamil and 100|iM of the N-type Ca^" channel blocker co-CgTX 
did not affect the receptor responses (Baumann et al, 1993). The present results 
however do not exclude the possibility that other types of channels might exist 
in St I mechanoreceptors. 
g) Manipulation of intracellular Ca2+ by caffeine and 
thapsigargin 
Thapsigargin had been shown to trigger increases in the intracellular Ca"^ 
concentrations in the Merkel cells but caffeine produced no effects. The duration of 
the thapsigargin induced Ca^ ^ increase lasted for about 100s before the Ca^ ^ 
concentration returned to the original level. This return of the Ca!— concentration 
to the original level indicated a depletion of the intracellular Ca:. stores. As 
suggested in the literature, thapsigargin is capable of inhibiting Ca�. uptake into 
intracellular Ca�— pools (Ely et al, 1991) and at the same time causing release of 
calcium ions from the stores (Vercesi et al.’ 1993). The present results did not 
show precisely which of the intracellular stores was involved but the lack of effect 
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of caffeine does eliminate the possible contribution of a caffeine-sensitive Ca�. 
pool. 
Thapsigargin suppressed ATP effects 
Following the application of thapsigargin, ATP could no longer induce an increase 
in the intracellular Ca!. of Merkel cells. The results therefore suggest that 
application of thapsigargin released calcium ions from the intracellular stores with 
the additional effect of blocking the re-uptake of the calcium ions into these pools. 
The duration of the thapsigargin induced Ca'^ increase lasted for about 200s before 
returning to the basal level while the ATP transients lasted for only 60s. Thus, the 
depletion of the Ca2+ stores caused the failure of ATP to induce an increase in the 
Ca2+ signals. 
Section 4: Comparison of Merkel cell mechanoreceptors 
(St I and SA I) with St II receptors 
ATP produced consistent dose dependent effects on responses of both St I 
mechanoreceptors in hair follicles and SA I mechanoreceptors in skin. Although 
the effects were qualitatively the same, there were quantitative differences. In SA I 
receptors the changes were less pronounced and had a longer latency than in St I 
receptors, most likely caused by longer distances for diffusion resulting in a larger 
extent of hydrolysis of ATP before reaching the site of action. Correlating the 
results obtained from the microfluorimetric studies on intracellular Ca'^ 
concentration in Merkel cells and the ATP effects on the receptor responses, the 
data suggest a modulatory effect of ATP on the receptor responses of both SA I 
and St I mechanorecepors by acting on the Merkel cells. However, the two sets of 
results seem to have produced opposite outcomes with increases in the Ca:. signals 
but suppression of the receptor responses induced by ATP. This discrepancy can 
possibly be reconciled by closer observation of the timing for the initiation of the 
ATP effects in the two studies. In the microfluorimetric study, ATP induced an 
increase in the Ca�. signals within 15s after application while in the 
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electrophysiological studies, the maximal suppression of the receptor responses 
occurred 3 to 5min after application of ATP. On average, the ATP induced 
increase in the Ca^^ signals reached a peak around 20 to 30s after application of 
ATP. Thus, there was a clear difference in the timing of the most obvious results 
between the microfluorimetric and electrophysiological studies. This time 
difference cannot be explained by the difference in the diffusion pathway for the 
drug. However, the microfluorimetric results suggest that in response to 
application of ATP Ca^" was released from intracellular stores. A second 
application of ATP within a period of about 200s following the first application 
was unable to elicit a similar response. Only if the time between the 2 drug 
applications was extended to at least 15min could similar increases be elicited 
by the second application. Higher doses of ATP like O.SmM appeared to cause 
almost complete depletion of from the stores and longer time (30min) for 
recovery was needed in order to obtain a similar Ca^ ^ increase as that following the 
first application of ATP. Thus, the present results suggest that the suppressive 
effect of ATP on the receptor response was a consequence of Ca"^ depletion in the 
intracellular stores following the release of calcium ions that had resulted in the 
increases in intracellular concentrations measured with the microfluorimetric 
technique. 
Occasionally, brief increases in the receptor responses immediately after application 
of ATP were recorded preceding the subsequent suppression in receptor responses 
of St I mechanoreceptors. This situation however, could only be observed in few 
cases. These brief increases in the receptor responses were probably correlated 
with the transient increases in the intracellular Ca^^ concentrations measured in the 
Merkel cells, but could only be recorded if the timing between ATP application and 
the next mechanical stimulus applied in 30s intervals happened to be just right. In 
contrast, neither such short increased responses nor any prolonged depression of 
responses were observed in St II receptors following application of ATP. 
In conclusion, only in mechanoreceptors with Merkel cells (both SA I and St I) 
were such changes in responsiveness after ATP application observed. This further 
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suggests that these changes in responsiveness were the result of ATP effects on 
intracellular Ca]. stores in Merkel cells. The fluorimetric system used in the present 
experiments may not have the necessary spacial and temporal resolution required 
to reliably measure changes in intracellular C a � . concentration of Merkel cells 
elicited by mechanical stimulation. Therefore, further investigations will be needed 
to clarify this point. However, the present experiments have shown for the first 
time that in addition to the previously postulated influx of Ca^^ into the Merkel cell 
during mechanical stimulation intracellular Ca2+ stores play an important role in the 
responsiveness of these receptors. Thus, the present results support the hypothesis 
that the Merkel cell acts as mechano-electric transducer in SA I and St I 
mechanoreceptors. 
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